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Abstract 
This thesis investigates the mechanics behind Achilles tendinopathies and their 
respective treatments using a musculoskeletal modelling approach. Specifically, the 
eccentric heel-drop exercise used to treat Achilles tendinosis and orthotic heel wedges 
used to treat Achilles tendonitis were investigated, as the mechanics which drive tendon 
healing are not currently understood, but are believed to work by directly altering the 
mechanical loading of the Achilles tendon. 
An inverse dynamics model of the lower limb including the hip, knee ankle and MTP 
joints was developed to include a musculoskeletal foot and ankle model. An existing 
muscle geometry dataset was used, but a new algorithm to account for soft tissue and 
bony constraints at the ankle to ensure physiological musculo-tendon paths around the 
foot and ankle was developed. Optical motion, forceplate and instrumented pressure 
insole data was used to derive independent 3D ground reaction vectors necessary for 
the data inputs for each of the two foot segments modelled. In addition to the moments 
of the hip and knee, foot and ankle muscle forces and ankle joint reaction forces were 
also estimated. 
A cohort of 19 healthy individuals performed the eccentric heel-drop exercise used to 
treat Achilles tendinosis and walked on a level and up and down an inclined (10°) surface 
barefoot and in running shoes with and without prefabricated orthotic heel wedges 
used to treat Achilles tendonitis. Clinical questions regarding changes in lower limb 
mechanics due to variants of the eccentric heel-drop exercise and orthotic heel wedges 
were considered as well as model sensitivity to foot models and sources of centre of 
pressure (CoP) data. 
CoP data source and number of foot segments modelled did not consistently change the 
model outputs, with greater or worse similarity between sources depending on the 
specific phase of stance considered. An example of this are the reduced knee and hip 
extension moments and increased ankle dorsiflexion moments at heel-strike, but 
consistent peak ankle joint reaction and Achilles tendon forces due to different CoP 
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inputs. Across all walking conditions, heel wedges were found to have minimal impact 
on Achilles tendon force, but had a significant impact on knee moments and secondary 
plantarflexors such as Tibialis Posterior and the toe flexor muscles. The ability of heel 
wedges to reduce Achilles tendon load during walking was not supported by this thesis. 
Key observations regarding the eccentric heel-drop exercise were the reductions in peak 
Achilles tendon force achieved when performing the exercise in running shoes 
compared to barefoot and with a flexed compared to extended knee. Given the 
increased difficulty in performing the flexed knee exercise, this questioned the efficacy 
of the flexed knee version of the task and possible changes to the rehabilitation 
protocol, incorporating the effect of shoes on peak Achilles tendon force were 
suggested.  
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Table of Abbreviations 
The following is a glossary of all key abbreviations used throughout the thesis. 
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st
 Add First adduction moment peak 93 
2
nd
 Add Second adduction moment peak 93 
Ab/Ad Abduction/Adduction 162 
AJC ankle joint centre 55 
BW body weight 27 
CoP Centre of Pressure 36 
EDL Extensor Digitorum Longus 26 
EHL Extensor Hallucis Longus 26 
EMG Electromyography 31 
F/E Flexion/Extension 158 
FDL Flexor Digitorum Longus 25 
FHL Flexor Hallucis Longus 25 
GastLat Gastrocnemius (lateral head) 62 
GastMed Gastrocnemius (medial head) 62 
Gastroc Gastrocnemius 25 
GRF Ground Reaction Force 36 
HJC hip joint centre 55 
HS heel strike 90 
ht subject height 93 
Inv Peak ankle inversion moment 93 
Inv/Ev Inversion/Eversion 158 
KJC knee joint centre 55 
MTP Metatarsophalangeal 23 
PCSA Physiological cross-sectional area 46 
PeroB Peroneus Brevis 25 
PeroL Peroneus Longus 25 
PeroT Peroneus Tertius 26 
Plant Plantaris 25 
PO push off 90 
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SolMed Soleus (medial head) 62 
SolLat Soleus (lateral head) 62 
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TibPost Tibialis Posterior 25 
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VISA – A Victorian Institute of Sports Assessment - Achilles 34 
WA weight acceptance 90 
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Aims and Scope of the Thesis 
As musculoskeletal models gain reputability either through numerical validation 
between calculated and measured loads or through sufficiently complex models where 
clinical utility is the aim,, their application to a wider variety of clinical situations will 
become more commonplace. This is attributable to the ability of such models to 
estimate loading within the body that cannot otherwise be directly measured. To this 
end, they provide a useful tool in understanding biomechanical changes that occur when 
the external forces acting on the body are perturbed in some way, or if the internal 
structures (neural control, anatomical injuries, muscle weakness) are changed. 
Historically, interest in knee and hip pathology has seen most progress in the modelling 
of these joints, with the ankle and foot often overlooked, despite being the link between 
the ground and the rest of the body and one of the main joints involved in locomotion. 
As one of the most highly loaded tendons in the body it is unsurprising that the Achilles 
tendon is often the site of injury in both athletic and sedentary populations. However, 
the under-lying causes of Achilles tendon injuries are not known and as such, Achilles 
injuries have been managed with a variety of treatments, often with varying rates of 
success and without fully understanding the mechanics behind respective treatments.  
The objective of this thesis is to address some of this shortfall in knowledge, by adopting 
a musculoskeletal modelling approach to investigate the mechanics believed to drive the 
healing mechanisms for two Achilles tendon injuries, namely Achilles tendinosis and 
Achilles tendonitis. These injuries were chosen because the strengthening exercises used 
to treat Achilles tendinosis have been successfully implemented, but not previously 
characterised biomechanically and the choice of best treatment for Achilles tendonitis is 
not clear, with many options showing varying levels of success. Using orthotic heel 
wedges to treat Achilles tendonitis is particularly appealing with its potential 
applicability to a wide patient base and with a healing mechanism rooted in mechanics it 
is also suited to assessment through musculoskeletal modelling. 
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Therefore, the aims of this thesis were to: 
1. develop an inverse dynamics model of the lower limb, including the hip, knee, 
ankle joint complex and metatarsophalangeal joints to compare inter-segmental 
loading in the kinetic chain with existing models during gait to ensure 
consistency across the descriptions of joint motion and loading within this thesis 
and elsewhere, 
2. extend this model to include a musculoskeletal model of the foot and ankle to be 
able to quantify muscle forces and ankle joint forces, implementing a novel 
approach to account for the lack of musculo-tendon wrapping surfaces at the 
ankle; and 
3. by using this model, characterise the biomechanics of the eccentric heel-drop 
exercise and walking in the context of Achilles injuries, neither of which has been 
previously quantified through a musculoskeletal modelling approach, providing a 
comprehensive mechanical understanding of each treatment. 
Structure of the thesis 
This thesis is divided into the 11 chapters outlined below, but can be considered more 
broadly as structured in 3 sections. The introductory section consists of Chapters 1-3, 
with Chapters 4-9 forming the results section of the thesis. These results chapters 
consist of sensitivity analyses, studies on the orthotic heel wedges and Achilles 
strengthening exercises and as such are presented individually as chapters, but are 
discussed more completely in Chapter 10 from a clinical treatment perspective. As such, 
only a summary is provided after each results chapter to facilitate a more useful 
description of each treatment in a wider context. The final section consists mostly of the 
discussions in Chapter 10, but also more generally to foot and ankle modelling and 
Achilles tendinopathy treatments.  
Chapter 1 – is a literature review of concepts and terminology referred to in this thesis. 
These are: foot and ankle anatomy with a focus on Achilles tendon pathologies and 
treatments, methods to measure the motion of and loading under the foot and finally, 
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computational modelling approaches used to characterise the mechanics of the foot and 
ankle. 
Chapter 2 – contains a description of the computational approaches used by the 
musculoskeletal model in this thesis, including terminology used throughout this thesis. 
Also included are: the approach taken to spatially synchronise measured data inputs for 
the musculoskeletal model and the development of an approach to account for soft 
tissue wrapping of foot and ankle musculature. 
Chapter 3 – contains a description of all hardware used in this thesis, including 
instrumented devices, custom manufactured walkways and digitising wands, in addition 
to a description of the tasks performed and the subject cohort which performed the 
tasks. 
Chapter 4 – This chapter assesses the impact of wearing running shoes on lower limb 
mechanics during level walking. This summarises differences in model outputs between 
barefoot and shod walking. 
Chapter 5 – This chapter is the first of three chapters quantifying the changes in foot and 
ankle mechanics when walking with and without bilateral heel wedges on a level 
surface. Bilateral heel wedging has had largely negative evidence regarding its ability to 
treat Achilles tendonitis, but the reasons for this are not known. 
Chapter 6 – As walking is not only done on a level surface, this and the subsequent 
chapter quantify the changes in lower limb mechanics during inclined walking. This 
chapter quantifies the changes in foot and ankle mechanics during uphill walking on a 
10° incline with and without bilateral heel wedges. 
Chapter 7 – This chapter is the final chapter characterising the impact of heel wedges on 
foot and ankle mechanics and presents data from walking down a 10° incline with and 
without bilateral heel wedges. 
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Chapter 8 – This chapter characterises the lower limb mechanics during the eccentric 
heel-drop exercise, currently used to treat Achilles tendinosis. As the recommended 
physiotherapy exercise includes flexed and extended knee versions of the exercise, 
results from both knee conditions are presented here. The difference in mechanics 
between performing each exercise when barefoot or shod is also presented. 
Chapter 9 – This chapter is the second sensitivity analysis in this thesis assessing the 
impact of different sources of centre of pressure inputs (forceplate vs. instrumented 
insoles) and the different number of foot segments modelled on musculoskeletal 
modelling outputs.  
Chapter 10 – is a summary of all 6 results chapters presented with 3 separate 
discussions regarding the modelling approach used here and the treatments for Achilles 
tendonitis and Achilles tendinosis. The discussion of the two treatments focuses on 
relating observed changes in lower limb mechanics to the mechanical drivers of tendon 
healing presented in Chapter 1. 
Chapter 11 – This concludes the work presented in the thesis and suggests possible 
areas of future research related to foot and ankle musculoskeletal modelling and 
investigating treatments for Achilles tendinopathies. 
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Chapter 1: 
Foot and Ankle Mechanics 
1.1. Introduction 
This chapter is a three-part literature review beginning with a summary of the foot and 
ankle functional anatomy. The focus of this thesis is both modelling and application, 
where the modelling and experiments are applied to enhance our understanding of 
Achilles tendon pathologies. Therefore, here the current understanding as to how 
pathological changes and injury of this tendon arise and are treated is addressed. 
Following this, there is a review of current experimental techniques to quantify foot and 
ankle motion and loading and finally the current approaches in musculoskeletal 
modelling of the lower limb, with particular focus on foot and ankle models. 
1.2. The Foot and ankle 
1.2.1. Functional Anatomy 
The purpose of the foot is to provide a stable platform from which non-seated activities 
of daily living can be performed. Particularly during ambulatory activities, such as 
walking or running, the only connection between the body and the environment are the 
feet, and as such they must be able to function sufficiently well to allow for a range of 
activities (motion and loading) on a variety of terrains (control and precision). To achieve 
this, the foot must be able to perform a number of functions in parallel, such as weight-
bearing and shock absorption to allow for efficient motion of the lower limbs (Kirby, 
2000). To this end, it is unsurprising that the foot is a complex structure, consisting of 26 
bones and 33 joints. Trying to take all these different structures into account from a 
modelling perspective will be discussed in Section 1.4.2, but it is sufficient to say that in 
order to obtain accurate predictions of foot motion, the articulations of the foot cannot 
be overlooked. The skeletal structure of the foot is shown in Figure 1.1 and can be 
divided up into 7 tarsal bones, 5 metatarsal bones and 14 phalangeal bones. The largest 
bone in the foot is the calcaneus, which serves to transmit loads from the body to the 
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ground and also to provide a large moment arm for the calf muscles, generating 
sufficiently large moments for propulsion of the body. The talus sits on top of the 
calcaneus, articulating with the tibia and navicular and is attached to a number of 
ligaments, but no tendons or muscles (Gray, 2008, p. Section 9; Chapter 84). 
 
Figure 1.1: Anatomy of the Foot
1
 
Foot deformities or injury where joint or muscle function is compromised can lead to the 
foot being incorrectly used. Similarly, footwear can also impact on foot function; as well 
as providing a protective environment for the foot; footwear alters the way in which the 
foot and ankle function. This will be discussed in Section 1.3.3. 
The ankle complex is the most distal of the major joints of the lower extremity and 
comprises motion of the talocrural and subtalar joints. Talocrural motion refers to 
articulations of the distal ends of the tibia and fibula which receives the superior convex 
surface of the talus providing plantar-flexion and dorsi-flexion of the ankle (see Figure 
1.2) (Gray, 2008, p. Section 9; Chapter 84). Subtalar motion refers to the articulation 
between the calcaneus and talus providing inversion and eversion of the ankle. 
Together, these joints form the ankle joint complex, which functions in a similar way to a 
saddle joint, which can be approximated by two hinges, one of which flexes and extends 
the foot, the other inverting or everting the foot. Talocrural and subtalar motions are 
most relevant to this thesis and as such are the basis for the definitions of rigid body 
segments in the subsequent chapter. Angles presented in all results chapters are 
assumed to represent motion about these two joints of the ankle. 
                                                          
1
 Image from Primal Pictures Ltd, accessed 19/03/2013 
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However, as the axes of rotation of the talocrural and subtalar joints are oblique in all 3 
planes in reality, there will be elements of motion in each plane for each of these joints 
(Riegger, 1988). It should be noted that tibio-fibular motion exists and can even be 
exploited to improve ankle range of motion (Beazell et al., 2012; Fujii et al., 2010). As 
such, out of plane motions are important to consider, particularly in individuals with 
ankle pathology. 
 
Figure 1.2: Illustration of the talocrural and subtalar axes of the ankle joint complex
2 
The metatarsophalangeal (MTP) joint is another major joint of the foot (Figure 1.3), as it 
allows for significant flexion of the toes (Gray, 2008, p. Section 9; Chapter 84), which has 
an important role in the energy storage mechanism of the foot during locomotion due to 
elastic storage of energy by ligaments and tendons (Hicks, 1954). 
 
Figure 1.3: Illustration of the axis of rotation of the MTP joint
3
. Note: Ank – Ankle joint, ST – Sub-talar 
joint, MTP – Metatarsophalangeal joint. 
Articulation between the distal tarsals (the cuboid and cuneiforms) and metatarsals 
provide whole-foot pronation and supination (rotations that allow the foot to twist 
                                                          
2
 Image from http://moon.ouhsc.edu/dthompso/namics/ankle.htm, accessed 20/01/2014 
3
 Image from Delp et al. (1990) 
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about its long axis) to cope on a variety of surfaces, to create a stable base during foot 
contact with the ground. 
Musculature of the foot and ankle can be considered in two parts. First are the 20 
intrinsic muscles that control internal aspects of the foot, such as motion of the toes and 
maintaining the structure of the foot (Ledoux et al., 2001).  
 
Figure 1.4: Illustrations of the intrinsic muscles of the foot
4
. 
Second, the 11 longer muscles that span the tibia and foot are the main drivers of ankle 
and MTP joint motion. These consist of Plantaris, Gastrocnemius, Soleus, Tibialis 
Anterior and Posterior, Peroneus Brevis Longus and Tertius, Extensor and Flexor 
Digitorum Longus and Extensor and Flexor Hallucis Longus. These muscles and their 
abbreviated names are illustrated in Figures 1.5 to 1.9. As was stated above, the ankle 
joint complex acts as a saddle joint, providing motion primarily about two axes. Each 
rotational axis has primary and secondary muscle actuators and these are summarised in 
Table 1.1. Primary muscle actuators are defined as being associated with joint motion 
about a particular axis when muscle contraction occurs. However, as muscular 
contractions rarely result in only a single axis of rotation, secondary joint motions often 
                                                          
4
 Anatomical images in  Figures 1.4 to1.9 inclusive are from Primal Pictures Ltd, accessed 19/03/2013 
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occur as a by-product. As such, a muscle can often be associated with a primary and 
secondary axis of rotation about each joint it spans. 
 
Figure 1.5: Illustrations of the superficial (left) and deep (right) muscles of the Achilles tendon. Note: 
Right image shows the underlying Soleus with the Gastrocnemius muscles removed for clarity  
The Achilles tendon twists through its course, with the fibres of Soleus inserting into the 
medial aspect of the posterior surface of the calcaneus and the fibres of Gastrocnemius 
insert into the lateral aspect of the posterior surface of the calcaneus. 
 
Figure 1.6: Illustrations of the remaining plantarflexors of the foot 
Tibialis 
Posterior 
(TibPost) 
Peroneus 
Longus 
(PeroL) 
Peroneus 
Brevis 
(PeroB) 
Flexor Digitorum 
Longus (FDL) 
Flexor Hallucis 
Longus (FHL) 
Soleus 
(Sol) 
Plantaris 
(Plant) 
Gastrocnemius 
(Gastroc) 
Achilles tendon 
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Figure 1.7: Illustration of the dorsiflexors of the foot 
 
Figure 1.8: Illustrations of the invertors of the foot 
Tibialis 
Anterior 
(TibAnt) 
Tibialis 
Anterior 
(TibAnt) 
Extensor Digitorum 
Longus (EDL) 
 
Tibialis 
Posterior 
(TibPost) 
Extensor Hallucis 
Longus (EHL) 
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Figure 1.9: Illustrations of the evertors of the foot 
 
Joint Motion Primary Mover Secondary Mover 
Dorsiflexion TibAnt EHL, EDL, 
 PeroT 
Plantarflexion Gastroc,  
Soleus 
TibPost, Plant, FDL, 
FHL, PeroB, PeroL 
Inversion  TibPost FDL, FHL, 
TibAnt, EHL 
Eversion  PeroB,  
PeroL 
PeroT, 
EHL, EDL 
Table 1.1: Summary of the primary and secondary movers for each axis of motion. (Riegger, 1988) 
1.2.2. Injuries and Pathologies 
As a review of all possible pathologies and injuries of the foot and ankle are beyond the 
scope of this thesis, the focus here will be on injuries of the Achilles tendon as this forms 
the application of the work of this thesis. The Achilles tendon is functionally important 
as it is the main driver of ankle motion during locomotion. Consequently it is one of the 
most highly loaded tendons, with reported loads of up to 5 times body weight (BW) 
during gait (Stauffer et al., 1977), 8.2BW- 12.5BW during running (Komi, 1990; Scott et 
al., 1990) and 5.1BW - 5.5BW  during single-leg hopping (Lichtwark et al., 2005; Peltonen 
et al., 2010). With such high cyclic loads being experienced by the Achilles, it is 
unsurprising that the Achilles is a common site of overuse injury (Maffulli et al., 2003), 
Peroneus 
Brevis 
(PeroB) 
Peroneus 
Longus 
(PeroL) 
Peroneus 
Tertius 
(PeroT) 
28 
 
with 5-18% of the lower extremity injuries involving the Achilles tendon (Donoghue et 
al., 2008). As a result of this high injury prevalence, there have been a number of 
reviews into Achilles injuries (Cook et al., 2002; Kader et al., 2002; McCrory et al., 1999; 
Paavola et al., 2002; Reinking, 2012; Schepsis et al., 2002). In a review by Kvist (1991b) of 
3336 patients being treated at a Sports Medical Research Unit, 14% were being treated 
for Achilles tendon problem and of these, 53% participated in running sports (Kvist, 
1991a). In a similarly large study by Kvist (1991b), 66% of 698 patients being treated for 
Achilles tendon disorders were diagnosed with tendinopathy. In a survey of 785 Finnish 
Olympic athletes Kujala et al. (2005) showed that this is a problem even for elite 
athletes, with 36% of short distance and 52% of middle to long distance runners having 
an incidence of Achilles Tendinopathy over their lifetime, compared to a 24% incidence 
rate averaged for all athletes and a 6% incidence rate for 416 age matched controls. This 
highlights two things. The first is the link between running activities and the risk of 
developing an Achilles injury and the second is that not all cases of Achilles tendinopathy 
arise from sports or overuse injury. This was also shown by Rolf et al. who reported 31% 
of a case series of 58 tendinopathy patients who did not participate in sports (Rolf et al., 
1997). 
Aside from magnitude of load, inappropriate equipment such as inflexible shoes, low 
heel tabs (the stiff material at the back of shoes behind the Achilles tendon) on running 
shoes, training errors and abnormal kinematics have been considered risk factors for 
Achilles injury (Reinking, 2012). Abnormal kinematics is generally considered to be 
related to over-pronation of the subtalar joint causing asymmetric loading across the 
Achilles tendon (Kader, et al., 2002). While there is some evidence to show differences 
in strain across the tendon (Farris et al., 2013), over-pronation alone has not been linked 
to injury risk in running (Chuter et al., 2012; Donoghue, et al., 2008; Kaufman et al., 
1999; Van Ginckel et al., 2009). It has also been shown that differences exist between 
Medial Gastrocnemius and Soleus contractile behaviour whilst maintaining upright 
posture (Di Giulio et al., 2009), walking (Cronin et al., 2013; Farris et al., 2012), running 
(Wyndow et al., 2013) and cycling (Sanderson et al., 2006), suggesting that differential 
strains across the tendon may exist due to different muscular activations, depending on 
the activity being performed. 
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The pathology of Achilles tendinopathies is not clear. This can be partly attributed to the 
lack of consistency in the clinical setting regarding nomenclature. The term 
‘tendinopathy’ has been used as an umbrella for all conditions that arise due to overuse 
of the Achilles. As such, there is no specific pathological basis for a tendinopathy. 
‘Tendinosis’ and ‘tendonitis’ are both examples of tendinopathies and have often been 
used inter-changeably. The key differentiator between these terms is related to the 
suffix used, where “-itis” should be reserved for inflammatory conditions and “-osis” for 
cases of degeneration without inflammation (Kader, et al., 2002; Maffulli et al., 1998). 
Maffulli et al. (1998) advocate that “tendinopathy” be used initially until a 
histopathological diagnosis can be made to confirm the specific pathological basis of 
tendon disorder. However, as the pathological basis of inflammatory arthritis is 
unknown, it is possible for tendon degeneration to follow inflammation in the long term 
(Abate et al., 2009).  
This clarification of terminology was taken further by van Dijk et al. (2011) who 
proposed terminology be defined according to anatomic location, symptoms, clinical 
findings and histopathology. ‘Mid-portion Achilles tendinopathy’ was defined as: being 
2-7cm from the insertion onto the calcaneus; having symptoms of pain, localised or 
diffuse swelling and impaired performance; including, but not be limited to, 
histopathological diagnosis of tendinosis and not necessarily be symptomatic. It should 
be clarified at this point that the term “tendinopathy” has been commonly used to refer 
to mid-portion inflammation of the Achilles tendon itself.  
The pathogenesis of the tendon degeneration has been debated and is still unclear, with 
several models being described to date. These are related to stress overload and have 
included hypoxic or mucoid degeneration (Jozsa et al., 1997), stress-shielding induced 
tendon degeneration (Ohno et al., 1993), cyclic loading-induced hyperthermia (Abate, et 
al., 2009; Farris et al., 2011) and a failed healing response following microtrauma to the 
tendon (Abate, et al., 2009). Currently, the continuum model of tendon pathology 
shown in Figure 1.10 attempts to encompass the multiple factors associated with 
progression of tendinopathies (Abate, et al., 2009; Cook et al., 2009). Cook et al. also 
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provide details regarding the pathological, radiographic and clinical signs that can be 
used to define what stage someone is at in the continuum. 
 
Figure 1.10: Continuum model of tendinopathy
5
. 
The critical points in the model which have evidence to support it are that pain, or a lack 
thereof, can occur at any stage of the model, and that the transition can work both ways 
between phases (Fredberg et al., 2002; Malliaras et al., 2006), suggesting it is possible to 
recover from stages and return to normal (Cook et al., 2000; Khan et al., 1997). 
1.2.3. Treatments for Achilles Tendinopathies 
Treatments for tendinopathies have varied substantially over the years, but have always 
been aimed at reducing or eliminating pain in the tendon. Conservative treatments have 
included: RICE (Rest Ice Compression Elevation), eccentric strengthening exercises 
(Maffulli et al., 2008; Rees et al., 2008; Roos et al., 2004; Sayana et al., 2007), insoles and 
splints (Mayer et al., 2007; Roos, et al., 2004), phonophoresis or iontophotesis (Maffulli 
et al., 2010; Reinking, 2012), low level laser therapy (LLLT), extracorporeal shockwave 
                                                          
5
 Image from Cook and Purdam (2009) 
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therapy (ECST) (Costa et al., 2005), cryotherapy (Rivenburgh, 1992), steroid or sclerosing 
injections (Alfredson et al., 2005; Maffulli, et al., 2010), and ultrasound (Enwemeka, 
1989). Kader et al. (2002) suggested surgery only be recommended “after exhausting 
conservative methods of management, often tried for at least six months”. In a 
longitudinal follow up study, 29% of patients were found to be non-responders to 
conservative treatments (Paavola et al., 2000).  
The use of pharmacological or other novel treatments (including ECTS and LLLT) as an 
initial treatment option is not currently advised, as data regarding their efficacy is 
currently limited (Maffulli, et al., 2010; Reinking, 2012). Of the mechanically-oriented 
conservative treatments, the use of eccentric strengthening exercises has proved 
particularly successful and its use as a first treatment option is generally recommended 
(Kader, et al., 2002; Reinking, 2012). Investigations regarding heel wedges, insoles and 
other orthotics have had variable success regarding reduction of pain and ability to 
return to sport (Clement et al., 1984; Ferber et al., 2011; Gross et al., 1991; Magnussen 
et al., 2009; Mayer, et al., 2007; Reinking, 2012; Stackhouse et al., 2004; Wyndow, et al., 
2013). However, as eccentric strengthening and orthotics require no invasive procedures 
and treatment can be at home and on-going, they are especially applicable to the wider 
population and as such are particularly appealing. For the purposes of this thesis, only 
the eccentric strengthening exercise and heel wedges will be discussed further. 
The use of insoles or orthotics to correct abnormal hindfoot motion and correct for 
biomechanical mal-alignments to reduce pain and aid in return to sport has been shown 
to be possible (Van Ginckel, et al., 2009). However, the direct link between correcting 
hindfoot motion and tendon healing has not been established, but this treatment is still 
recommended (Cook, et al., 2002). Currently it is purported that incorporating heel 
wedges aids in reducing tendon strain during activities to avoid excess tendon loading 
and reduce pain during running (Clement, et al., 1984; Mayer, et al., 2007). Despite not 
presenting electromyography (EMG) amplitudes, the work of Wyndow et al. (2013) 
showed pre-fabricated orthoses had no effect on triceps EMG onset or offset timings 
during running which challenges the ability of heel wedges to alter triceps loading, if 
mechanical factors alone are considered. 
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The eccentric strengthening exercise commonly taught at present is based on the 
protocol proposed by Alfredson et al. (1998). This was based on strengthening the 
Achilles tendon through an intentionally demanding 12 week programme of 
progressively higher and faster eccentric loads on the injured tendon. This was done by 
starting in a plantarflexed position on the edge of a step (Figure 1.11A) and, using only 
the injured leg, lowering the leg until the ankle was fully dorsiflexed (Figure 1.11B). This 
was performed twice daily for 7 days a week for 12 weeks. Soleus activation was 
maximised by performing the eccentric exercise with the knee bent (Figure 1.11C). 
 
Figure 1.11: Images showing the different stages and versions of the heel drop exercise. A) the upright 
body position to start from with all body weight on the forefoot and the ankle joint in plantar flexion 
lifted by the uninjured leg; B) The calf muscle was loaded eccentrically by having the patient lower the 
heel with the knee straight C) The calf muscle was loaded in a similar manner to before, but with the 
knee bent.
6
 
Patients were told to expect muscle pain during the initial weeks and were told to “go 
ahead with the exercise even if they experienced pain”, but were told to stop the 
exercise “if the pain became disabling”. Initially, only the patient’s body weight is loading 
the tendon. However, when patients were able to perform the exercise without any 
discomfort or pain, they were told to increase the load by adding weight, done most 
easily by wearing a weighted backpack when performing the task. 
Incorporating a version of the exercise where the Achilles is loaded eccentrically with a 
bent knee relies on the altered dynamics of the Gastrocnemius muscle. Flexing the knee 
                                                          
6
 Images from Alfredson et al. (1998) 
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will shorten Gastrocnemius, relative to a straight knee, as it originates on the posterior 
femoral condyles above the articulating surface. The force-length relationship of muscle 
suggests that as muscle shortens, its force-generating capacity will change. Purely from a 
force-generating perspective, it would be expected that changes in Gastrocnemius 
capacity would be taken up by Soleus and vice versa, due to the fact both muscles 
function as primary ankle plantarflexors. 
The work of Hébert-Losier and Riemann on heel-raises encompassed both concentric 
and eccentric phases of the activity with the focus on assessing change in triceps surae 
activation as individuals perform heel raises to volitional exhaustion (Hebert-Losier et 
al., 2013; Hebert-Losier et al., 2011a; Hebert-Losier et al., 2011b) and in different foot 
positions (Riemann et al., 2011) respectively. Reid et al. (2012) showed that EMG activity 
of the triceps was increased in Achilles Tendinopathy patients and that when injury and 
control group data was combined, knee flexion angle (full extension vs. “flexed to the 
limit imposed by the length of Soleus muscle”) was found to alter muscle recruitment. 
An extended knee was found to result in greater Gastrocnemius activation, with Soleus 
activation unaffected by knee flexion angle during the heel-drop exercise. To avoid 
confusion here and in the rest of the thesis, several similar terms are clarified here. The 
term “heel wedge” refers to the orthotic wedge placed under the heel of a patient 
intended to help reduce Achilles tendon strain. The term “heel raise” refers to an 
exercise where individuals go between standing on the ground and plantarflexing their 
ankle through repeated calf muscle contractions, primarily to strengthen their calf 
muscles. The term “heel drop” refers to the physiotherapy exercise shown in Figure 
1.11, where individuals start over a step with a plantarflexed ankle and lower their heel 
below the edge of the step, so the ankle reaches an approximately maximum dorsiflexed 
position. While essentially the reverse of a heel raise, the heel drop is also intended as a 
strengthening exercise, but here the focus is on strengthening an injured Achilles 
tendon. 
Sanderson et al. (2006) have shown differences in Gastrocnemius and Soleus activation 
for cycling at different cadences. These works all assessed muscle activity through EMG 
measurements and were all able to show how altering ankle or knee joint angle when 
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performing a task, or performing a task faster or slower are able to alter the relative 
activation between the triceps. A similar shift could occur over the rehabilitation period, 
as the eccentric exercise is performed with increasing load and speed, as well as with a 
flexed and extended knee. Incorporating both the knee flexed and knee straight versions 
of the protocol should, therefore, be considered equally important as they would be 
targeting different muscles, even though both may be considered very similar tasks. 
Studies with longer term follow-up of patients who have been performing these types of 
protocols have shown improvement beyond the initial treatment period with continued 
improvement until 5 years post-treatment (Roos, et al., 2004; Silbernagel et al., 2011; 
van der Plas et al., 2012), as assessed by the standard VISA-A (Victorian Institute of 
Sports Assessment – Achilles) and FAOS (Foot and Ankle Outcome Scores) scores. Both 
scores have been implemented widely and found to be reliable measures of foot and 
ankle and Achilles tendon function respectively (Iversen et al., 2012; Roos et al., 2001). 
The VISA-A questionnaire is a mix of subjective symptoms and visual analogue scales to 
assess severity of Achilles tendon pain during several daily tasks (walking, stair climbing, 
heel raises) as well as current sporting levels and whether or not Achilles pain hinders 
any of these (Robinson et al., 2001). The outcome of the questionnaire is a score 
between 0 and 100, where an asymptomatic person would score 100.  
The questionnaire has been widely implemented and shown to be a reliable measure of 
assessing Achilles tendinopathy (Iversen, et al., 2012). Of the 18 interventional studies 
(including 709 patients) reviewed by Iversen et al., 14 (including 420 patients) included a 
minimum of 12 weeks of eccentric exercise in the treatment plan, with Achilles 
tendinopathy patient VISA-A scores going from 53±8 pre-treatment to 76±13 post-
treatment. For the 6 non-interventional studies assessing healthy individuals which 
included 281 individuals, scores ranged from 96 to 100. They conclude by saying scores 
between 24 and 60 are usually found for Achilles tendinopathy patients and that a post-
treatment score of above 90 could be considered as a full recovery from the 
tendinopathy. However, of those studies reviewed by Iversen et al (2012), none 
assessed the effect of eccentric exercise alone with a control group of patients not 
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performing the exercises, likely due to the inappropriateness of such a study to see if an 
individual’s symptoms improved naturally over time. 
In summary, this section reviewed foot and ankle functional anatomy, pathology and 
treatment approaches for tendinopathies. The clinical relevance and importance on 
measuring out of plane ankle motion was stated, along with the definition and 
description of primary and secondary muscle actuators for each ankle joint axis of 
motion. Terminology that has recently become commonplace when describing tendon 
pathologies and their associated treatments were also reviewed, with the continuum 
model of tendon injury presented, suggesting that tendon injury is recoverable from 
even degenerative states. The evidence surrounding the use of heel wedges to treat 
Achilles injuries was reviewed and was considered largely unfavourable. In contrast, 
eccentric heel-drop exercises have been well-received and shown to be capable of aiding 
tendon recovery to pre-injury levels.  
1.3. Measurement of Foot and Ankle Mechanics 
This section is divided into three parts and reviews the different ways in which direct 
measures of foot and ankle mechanics can be made. These include external kinetic 
measures (typically, reaction vectors and plantar pressures), joint kinematics to assess 
relative motion between segments of the foot and tibia, and internal forces such as 
muscle and joint contact forces. These systems and techniques have been chosen, 
because they are used or are relevant to the final methodology, which will be discussed 
in a later chapter. 
1.3.1. External Forces 
Common measures of foot and ankle loading are the reaction force between the subject 
and ground and plantar pressure measurements. A common way of measuring the 
reaction force is through an instrumented device which will typically have a number of 
transducers to convert the mechanical strain applied to the device into a single force 
vector and point of application. These are typically known as the ground reaction force 
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(GRF) and centre of pressure (CoP) respectively. In most gait laboratories, commercial 
forceplate systems are used to measure external moments as well as the GRF and CoP, 
shown in Figure 1.12.  
 
Figure 1.12: Example of a portable Kistler forceplate type 9286BA. 
Apart from reaction forces, plantar pressure measurements are able to provide greater 
resolution regarding the distribution of load under the foot. While the GRF and CoP 
provide an overall measure of loading under the foot, plantar pressures can provide 
values of loading under multiple locations using an array of sensors, providing a much 
richer image of plantar loading. Several commercial products exist including floor-based 
systems and portable instrumented insoles, shown in Figure 1.13. 
 
Figure 1.13: External and in-shoe plantar pressure measurement systems. A) Floor-based pressure 
measurement system
7
; B) Instrumented PedarX (Novel GmbH) pressure insoles 
The main difference between the two measurement systems is the lack of reliable 3D 
force information from current pressure measurement systems. Based on current 
capacitance or resistive sensory modalities, only a normal pressure can be measured. 
Therefore, a 3D ground reaction force which has shear components in addition to the 
                                                          
7
 Image from http://www.novel.de/novelcontent/emed,accessed on 25/03/2013 
A B 
37 
 
normal component cannot be obtained directly from plantar pressure measurements 
alone. Others have tried to predict the complete ground reaction vector during walking 
through pressure measurements alone using regression techniques. However, with 
reported RMS errors of up to 46N (Fong et al., 2008; Forner Cordero et al., 2004) 
compared to direct forceplate measures, this is not deemed sufficiently accurate for the 
purposes of computational modelling (Chumanov et al., 2010).  
There are two main advantages of using an instrumented pressure insole system. The 
first of which is the ability to provide plantar pressure distributions. This allows for 
pressure or force measurements under specific regions of the foot to be determined 
and, in a clinical context, provides measurements of any abnormal pressure peaks which 
may be indicative of certain foot pathologies (Caselli et al., 2002; Sawacha et al., 2012). 
The second advantage of using such a system is the portability of the measurement 
device. This allows for in-shoe measurements to be made over numerous steps or 
cycles, depending on the activity being monitored. Typically, floor-based forceplates or 
pressure mats only measure a single step and repeated trials are required to obtain 
sufficient trials to be able to provide a representative mean measure of the activity. 
1.3.2. Motion Tracking 
As many clinical assessments are based on measures of relative position or motion 
between foot and ankle bones, being able to accurately measure these is vital. However, 
a review of all the methods of tracking body segments/skeletal motion is beyond the 
scope of this thesis and as such only a brief statement of existing systems is provided. 
Historically, the gold standard of skeletal motion tracking has been the use of bone-pins. 
As this is not generally a viable method of tracking human motion, body segments have 
been tracked using combinations of video cameras, bone pins (Manal et al., 2003), 
goniometers (Soper et al., 2004), electromagnetic sensors (Bull et al., 2000), inertial 
sensors (Angermann et al., 2010), fluoroscopy (Shultz et al., 2011), MRI (Sheehan, 2010), 
computed tomography (Oosterwaal et al., 2011) and more recently, optical motion 
capture systems (Saraswat et al., 2012). However, apart from bone-fixed systems, all 
others rely on subjective alignment of the sensor’s measurement axes with some 
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clinically meaningful axis/anatomical landmark in order to track the motion of the 
underlying bone. As well as relying on subjective placement, all skin-mounted systems 
rely on the assumption that the sensor axis/reflective marker position is representative 
of the underlying bone/bony landmark positions. One main limitation of skin-mounted 
systems is that skin is able to move relative to the underlying bone. This is known as soft 
tissue artefact, which will be discussed further in Section 2.13. 
Of most interest to this thesis is the use of motion capture systems to track body 
segment positions. Such systems use a series of infrared cameras to detect the location 
of retro-reflective markers and by relating the positions of anatomic markers on a single 
body segment (such as the shank), vectors can be defined, describing the segment’s 
orientation and location in space. This allows for a more flexible and detailed description 
of body segments. The specific details regarding the calculation of segment and joint 
kinematics are discussed fully in the next chapter. 
1.3.3. Footwear 
As the activities investigated in this thesis involve participants wearing shoes, the 
additional restrictions and implications of footwear from a modelling perspective are 
considered separately to other discussions regarding force and motion measurement 
only. The effect of footwear on lower limb dynamics has recently become a thoroughly 
investigated topic, with investigations of the effects of footwear at all levels of the 
modelling process being considered from both medical and performance perspectives.  
Recent interested has revolved around the use of footwear to manipulate kinematics 
and subsequently joint moments for various types of footwear, with heeled-shoes 
(Kerrigan et al., 2005), sandals (Barnes et al., 2010; Chard et al., 2013; Shakoor et al., 
2010), plimsolls (Trombini-Souza et al., 2011), and minimal or “barefoot” shoes 
(Taniguchi et al., 2012), such as the Vibram FiveFingers8,  being investigated. As one 
would expect, walking shoes (Demura et al., 2012; Erhart et al., 2008, 2010; Fisher et al., 
2007; Jenkyn et al., 2011; Kutzner et al., 2013), custom devices (Haim et al., 2008; Haim 
                                                          
8
 http://www.vibramfivefingers.it/storia.aspx, accessed 12/04/2014. 
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et al., 2010; Haim et al., 2011; Toon et al., 2011) and running shoes (Keenan et al., 2011; 
Kerrigan et al., 2009; Williams et al., 2004) have received significant attention. 
Several reviews investigating the influence of footwear on joint and muscle loading have 
been reported (Kurup et al., 2012; Murley et al., 2009; Radzimski et al., 2012). As the 
purpose of this thesis is not to review the influence of footwear on musculoskeletal 
dynamics, only a summary of relevant results is made. Footwear is known to influence 
plantar loading, kinematics and joint loading in the lower limb, in particular the influence 
on plantar loading is discussed later. Suggestions that shoes with an elevated heel may 
even reduce muscle loading in the lower limb and back (Kendall et al., 2014; Murley, et 
al., 2009) and alter frontal plane ankle moments (Keenan, et al., 2011) are of particular 
clinical importance, due to the increasing number of recreational runners and associated 
injuries (van Gent et al., 2007; Van Ginckel, et al., 2009). 
Bearing in mind the differences in modelling outputs that arise due to footwear, the 
practicality of measuring foot motion in the shoe should be considered. The 
computational implementation of ‘foot motion’ is generally taken to mean one of two 
things. Either the motion of the shoe is assumed to be representative of the underlying 
motion of the foot (Jenkyn, et al., 2011; Oeffinger et al., 1999; van den Noort et al., 
2012), or cut-outs in the shoe material itself are made so that key bony landmarks can 
be tracked, providing a barefoot measure of in-shoe kinematics (Wolf et al., 2008). 
Differences between both interpretations of in-shoe foot motion and barefoot motion 
have been reported with shoe motion generally under-estimating true ranges of motion 
during gait. 
The effect of shoes on plantar loading has also been investigated, both between shoe 
types (Barnett et al., 2001; Kavros et al., 2011; Queen et al., 2010; Stacoff et al., 2001; 
Wiegerinck et al., 2009) and between in-shoe and barefoot loading (Barnett, et al., 
2001). The more subtle points regarding measured differences in loading between 
forceplate and in-shoe systems were highlighted by the work of Barnett et al. (2001) and 
Debbi et al. (2012). Both studies measured force and CoP data of subjects walking over a 
forceplate, which was synchronised with the in-shoe system. Barnett et al. reported 
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consistent under-estimates of foot loading when measured by instrumented pressure 
insoles compared to a forceplate during gait. Debbi et al. reported differences in CoP 
measurements during gait, particularly at the onset of heel-strike and toe-off (see 
Chapter 4 for a description of the different phases of gait referred to in this thesis). 
These allude to the more subtle issue regarding what should be considered as ‘foot 
loading’ when shoes are worn by subjects during data collection. One would expect 
there to be only minor differences between the two systems regarding load, as a 
forceplate would also measure the weight of the shoes and worn by the individual, 
which instrumented insoles would not include. However, the more subtle point of the 
differences in foot force due to shoe tightness is one that has been only briefly 
considered in the literature (Fiedler et al., 2011), reporting only small differences in 
pressure time integrals under the Hallux and lateral toes due to loosening shoes. A 
tighter shoe would generate larger foot forces due to the force between the top and 
bottom of the foot and the shoe itself. However, in the free body analysis used in this 
thesis and presented in Chapter 2, these additional loads on the top and bottom of the 
foot would cancel out and these terms would not contribute to the overall loading on 
the foot. 
Differences between forceplate and insole CoP values are not unexpected, due to 
differences in the physical location of the CoP recordings. A forceplate will measure the 
CoP based on the shoe-plate interface, whereas the insole is measuring at the foot-shoe 
interface. While these CoP values may overlap for significant portions of the gait cycle, a 
combination of low force, particularly in the vertical direction at heel strike and toe-off, 
and formulaic differences in deriving CoP from the respective systems will result in 
different CoP readings at these points. As the GRF and CoP are used to derive the 
external moment acting on the subject, uncertainty here will have implications on 
subsequent modelling outputs. These two findings highlight the need for caution when 
comparing forceplate and insole-measured results with regard to modelling outputs, as 
well as the direct measures of plantar loading. 
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1.3.4. Internal Forces 
The previous sections have considered measurements of force and motion that are 
made external to the body. However, internal measures of force, particularly individual 
tendon forces and joint contact forces, are equally important clinical measures, as joint 
and muscle loads are mechanical factors that drive pathological changes, such as 
osteoarthritis or Achilles tendinopathies. This section is intended only to review 
approaches which directly measure joint and tendon loads in-vivo. Computational 
models and their relation to in-vivo measures of joint loading are discussed in Section 
1.4.2. 
In the past, buckle transducers (Fukashiro et al., 1995; Komi et al., 1987) and fibre optics 
(Arndt et al., 1998) were used to provide a measure of tendon forces by surgical 
insertion into the tendon body. The theory behind this was that contraction of the 
muscle would result in tension in the tendon, straightening the crimped tendon fibres 
and applying a strain to the transducer. This would result in a direct measure of the 
variable being measured (voltage or light for a buckle transducer or fibre optic) to the 
tendon force. 
Measuring in-vivo joint loads is not a new concept, with Rydell (1966) providing the first 
measurements of in-vivo joint loads using an instrumented prostheses almost 50 years 
ago and Bergmann et al. (2001) providing synchronous measurements of joint motion 
and in-vivo hip load. Recently, in-vivo knee joint loading during various activities of daily 
living have been measured by instrumented implants (Kutzner et al., 2010; Kutzner, et 
al., 2013; Mundermann et al., 2008). These telemetric systems, capable of measuring 
joint contact forces and moments, are a way of overcoming the limitations of 
computational predictions and provide a measure of true joint loading. However, while 
these measurements are able to provide a means of validating computational model 
predictions, care must be taken when interpreting the loading of a total knee 
replacement patient with that of the general public or patient cohorts, as there is no 
guarantee the loads measured in a joint replacement patient will match those of a 
healthy individual performing the equivalent task. This is particularly important when 
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instrumented data is considered to be the gold standard when attempting to validate 
musculoskeletal model outputs from different subject groups. However, it should be 
pointed out that, to the author’s knowledge, no instrumented ankle prostheses exist, 
making the problem of validating predicted ankle loads particularly difficult. 
In summary, this section reviewed the different ways to quantify loading and motion 
associated with motion studies at the level of the whole leg as well as at the joint and 
muscle level. Different systems capable of quantifying plantar loading were presented. 
The most relevant here being forceplates and instrumented insoles, with the latter being 
shown capable of quantifying plantar loading to a higher resolution than forceplates. 
However, despite the improved spatial resolution, instrumented insoles were found to 
under-estimate the loads predicted by forceplates, and their lack of shear force 
measurement is a limitation not to be overlooked. Regarding joint motion, a variety of 
options exist, depending on the scientific question being asked, but the most relevant 
system for this thesis was the use of optical motion tracking, allowing for a flexible, yet 
sufficiently detailed description of joint motion, despite the assumptions associated with 
using surface markers affixed to a shoe to represent underlying foot motion. Finally, 
instrumented prostheses were briefly introduced as a means of validating 
musculoskeletal models, with examples at the hip and knee showing promise. However, 
the lack of an instrumented ankle prosthesis restricts this avenue of validation in the 
context of foot and ankle musculoskeletal models. 
1.4. Modelling the Foot and Ankle 
1.4.1. Overview of Computational Approaches 
While many of the more proximal joints have established ways of calculating relative 
motion between neighbouring body segments (Wu et al., 2002), the joints of the foot 
and ankle are less clearly defined, with over a dozen models being implemented, many 
in a clinical setting (Deschamps et al., 2011). The detail of these models has varied both 
in terms of number and definition of segments models. Models with only 2 or 3 foot 
segments often use a different definition for segments when compared to more 
complex models, which attempt to model 8 segments of the foot. A selection of 
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different kinematic and inverse dynamic models with their respective segment 
definitions are shown in Table 1.2 and Table 1.3. 
Three things should be highlighted from these tables. Firstly the definition of body 
segments in the foot is highly variable and care should be taken when comparing 
“midfoot” kinematics, for example, between studies, as Bishop et al. include the 
metatarsals in their definition of “midfoot”, whereas Jenkyn et al. do not and 
MacWilliams et al. model the cuboid as an independent segment. Secondly, that 
segment motion is often driven by the motion of a cluster of markers above a single 
bone. An example of this would be “hindfoot” motion being driven by the cluster of 
markers on or around the Calcaneus. The final point is that inverse dynamics and 
musculoskeletal models often include simple models of the foot with limited detail. This 
will be discussed more in the following section, but is predominately due to the fact 
kinematic models rely only on relative orientations of body segments, which can be 
measured through the use of small clusters of markers attached above individual bones 
– this poses a problem in the foot. In addition to body segment motion, inverse 
dynamics requires individual measures of the forces acting on multiple segments of the 
foot. With forceplates being the most widely adopted way of recording force data and 
providing only a single force vector and CoP, this does not allow for the loading of 
multiple segments of the foot to be determined. Therefore, most authors are forced to 
make the assumption of a single rigid body foot when performing inverse dynamics 
analysis for various tasks. 
It has been shown that omission of the MTP joint during inverse dynamics calculations 
will lead to different inter-segmental moments at the ankle during sprinting (Bezodis et 
al., 2012). It could be said that for less dynamic activities, such as walking, the difference 
an additional foot segment would make would be minimal, as the majority of stance 
during walking involves loading the heel and metatarsal heads. It is known that the toe 
flexors are able to produce significant force and are important in the final phases of 
walking and running (Goldmann et al., 2012). However, the only study investigating this 
in walking did not present a direct comparison of inter-segmental moments between 
single- and multi-segment foot (Bruening et al., 2012a).  
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Table 1.3: Summary of different foot/ankle inverse dynamics models. Note: An asterisk denotes a name 
assigned to a group of bones that was not descriptively named originally. In Bezodis et al. (2012) this refers 
all bones proximal to the MTP joint, in the “4seg” model. Where “foot” is used to define a body segment, a 
single rigid body is assumed. All models presented here define the “Shank” to be the tibia and fibula. 
It should be emphasised here that these models provide a measure of inter-segmental 
loading only. Unless the effect of muscle loading is incorporated in the modelling 
process, a true estimate of joint loading cannot be obtained. 
1.4.2. Musculoskeletal Models 
To overcome the reliance on instrumented prostheses for in-vivo joint loading data,  
musculoskeletal models were developed to provide estimates of muscle and joint 
contact forces (Arnold et al., 2010; Cleather et al., 2011; Damsgaard et al., 2006; Dorn et 
al., 2012; Lundberg et al., 2012; Modenese et al., 2011; Saraswat et al., 2010). Broadly 
speaking, the inter-segmental moments are balanced by the summed product of known 
moment arms and forces for each muscle. Due to the excess number of unknowns for 
the number of equations, the problem is known to be statically indeterminate and as 
such optimisation of a cost function is required to solve for the muscle forces. A detailed 
discussion regarding both the optimisation approach and choice of cost function can be 
found in the subsequent chapter. 
Aside from the need for an optimisation process, the addition of muscle load-sharing 
creates a significantly more complex model. There are several inherent problems with 
these models. The first is related to the muscle dataset used in deriving muscle moment 
arms to be used in the optimisation process. Historically, multiple muscle datasets have 
Model/Author Leg Segment 
Definitions 
Foot Segment Definitions Toe Segment 
Definitions 
Bovi et al. 
(2011) 
Pelvis, Femur, 
Shank 
Foot - 
Rouhani et al. 
(2011) 
Shank Foot - 
Bezodis et al. 
(2012) 
Femur, Shank 
Hindfoot* (Calcaneus/Tarsal 
bones/Metatarsals) 
Hallux 
Bruening et al. 
(2012a) 
Shank 
Hindfoot (Calcaneus), Forefoot 
(Navicular/Cuboid/Cuneiforms/Metatarsals) 
Hallux 
Dixon et al. 
(2012) 
Shank 
Hindfoot (Calcaneus), 
Forefoot (Metatarsals) 
Hallux 
Sawacha et al. 
(2009) 
Shank 
Hindfoot (Calcaneus/Talus), Midfoot 
(Navicular/Cuboid/Cuneiforms/1
st
 – 3
rd
 
Metatarsals) 
Forefoot (1
st
 – 5
th
 
Metatarsal heads and 
toes) 
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been pieced together and implemented in musculoskeletal models. Recently, Klein 
Horsman et al. (2007) published a complete lower limb muscle dataset, which has been 
widely adopted in musculoskeletal models through various scaling approaches, so as to 
match the muscle dataset and subject’s body segments appropriately. The topic of 
scaling body segment parameters is beyond the scope of this thesis, but has been shown 
to be important in gait (Reinbolt et al., 2007; Reinbolt et al., 2005). 
The second challenge in deriving muscle forces is the need to know the moment arm for 
each muscle about each joint it spans. At more proximal joints, such as the knee, this is 
not such an issue, as there are fewer bones, with many muscle attachments about the 
joint. In the foot however, there are more joints and fewer attachments as many 
polyarticular muscles, such as Flexor Hallucis Longus (FHL) originate from the tibia and 
insert on different sites of the foot (the distal phalanx of the big toe in the case of FHL). 
The path this muscle takes crosses multiple joints and inaccuracies in the muscle path 
would lead to significant errors in moment arm values at several joints. As FHL is known 
to be a powerful muscle and active at the latter stage of walking, this could result in 
large out of plane moments that would need to be balanced by other muscles of the 
foot, resulting in the optimisation failing to find a physiological solution. Due to the 
complex musculature of the foot and a reliance on scaling a single muscle dataset, a 
compromise is often made, where existing detailed foot models are reduced to one or 
two body segments in an attempt to provide computational speed and stability, which 
are key problems with inverse dynamics-based approaches to musculoskeletal modelling 
(Erdemir et al., 2007). 
The final major problem faced by musculoskeletal models is the need to know the 
specific tension of a muscle. This is important, because the maximum force a specific 
muscle can generate is used as a normalising factor during the optimisation process. This 
maximum muscle force is often taken as the product of specific tension and muscle 
physiological cross-sectional area (PCSA). Often, due to practical constraints, a single 
value of specific tension is used for all muscles in musculoskeletal models (Cleather, et 
al., 2011; Modenese, et al., 2011). This is, however, a major assumption, as specific 
tensions are known to be different between muscle groups, between single fibre and 
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muscle group experiments and between in-vitro and in-vivo experimental conditions. 
This will be discussed in the subsequent chapter and Chapter 10. 
Following calculation of muscle and joint contact forces, the need for validation 
becomes apparent, particularly in light of the problems associated with musculoskeletal 
models. The gold standard of validating musculoskeletal outputs is currently the 
comparison between computational and measured joint loading through instrumented 
implants. Validation is an important area of investigation, as these models will not be 
taken up in the same way as kinematic models have until their outputs are considered to 
be reliable. Lund et al. (2012) have provided a thorough review of the validation process 
and what ‘validation’ actually should entail.  
1.5. Summary 
This review was divided into three parts to separately consider the functional anatomy, 
pathologies and injuries and modelling approaches of the foot and ankle. The complexity 
regarding the joints and musculature of the foot and ankle has been documented. 
Attempts to model foot and ankle function in both healthy and injured or pathological 
subjects have been achieved with varying degrees of completeness, with kinematic 
models receiving more acceptance than musculoskeletal models in clinical settings. 
However, recommendations regarding information that should be included when 
reporting a foot and ankle model have resulted in a more thorough assessment of 
musculoskeletal models (Section 1.4), with the hope that musculoskeletal models will 
become as accepted as their kinematic counterparts. The variety and complexity of 
models were often reflected to the complexity of the problem being assessed. In 
essence, if a kinematic description of foot and ankle function was sufficient, a wide 
range of models to achieve this have been reported. However, if muscle and joint 
loading are of interest, the flexibility of musculoskeletal models is greatly reduced due to 
the need to simplify the problem sufficiently to allow for all necessary inputs to be 
incorporated into the model. 
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While understanding of foot and ankle function has improved with time and continual 
assessment of various modelling approaches, the same cannot be said for the 
understanding behind the aetiology of tendinopathies or of the evidence supporting 
healing mechanisms of different treatments. This has likely been hindered by confusing 
terminology used to describe tendinopathies in the past. However, recent attempts to 
standardise clinical terminology regarding tendinopathies are being adopted and will 
hopefully result in more consistent reporting of tendon pathologies. Despite the 
confusion in clinical terminology historically, Achilles tendon injuries have been 
successfully treated through various non-invasive methods. In the case of Achilles 
tendonitis, treatments have been more variable, as tendon inflammation, often as a 
result of micro-trauma from overuse, results in acute pain.  
Treatments therefore aim to alleviate the pain through combinations of RICE (rest, ice, 
compression and elevation) and eventually foot orthotics to realign foot and ankle 
motion and also reduce tendon strain, thus, in theory reducing tendon load and pain. 
However, the response to these treatments has been more individual, with variable 
success rates reported. As an injury commonly associated with running, those that have 
had success often continue to use their orthotics for comfort reasons. However, 
evidence to support their use and a mechanical basis for this use is currently lacking. In 
contrast it is the aetiology of Achilles tendinosis that is unknown, with both sedentary 
and sporting cases being reported. Despite this, Achilles tendinosis have been widely 
treated through an eccentric strengthening exercise program, shown to be by far the 
most effective treatment option for the degenerative condition. The healing process has 
been eloquently summed up by Benazzo et al. (1997). 
“The secret, in other words, lies in the transformation of a potentially damaging stimulus 
into a training stimulus. In the case of tendons, this means the imposition of stresses up 
to the physiologic threshold and sometimes beyond, so as to increase the working 
strength of the Achilles by curing in a sort of athletic mithridatism that is still, in an epoch 
when there are medical studies of performance, an art and not a science” 
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Chapter 2: 
The Foot and Ankle Model 
This chapter presents the musculoskeletal modelling approach used in this thesis. Key 
points to note are the techniques used to obtain the required data inputs for a multi-
segment foot model, as well as a new approach to account for the wrapping of tendons 
around soft and hard tissue in the foot and ankle. 
2.1. Model Overview 
The proposed inverse dynamics model is a 3D model, consisting of 5 rigid segments, 
corresponding to the pelvis, femur, shank (the tibia and fibula), the hindfoot (bones of 
the foot proximal to the MTP joint line) and the toes (bones of the foot distal to the MTP 
line). This allows for each segment’s position and orientation to be determined. Relating 
this positional information with the external forces being applied to segments of the 
foot allows the moments between segments to be calculated. It should be emphasised 
here that while there is a kinematic description for 5 body segments, the main focus of 
this thesis is the foot and ankle, and as such the muscle geometry was limited to the 
shank, hindfoot and toe segments of the lower limb. These intermediate outputs are 
then used to determine individual muscle forces through a static optimisation approach 
and subsequently the joint contact forces at the ankle can be calculated. Figure 2.1 and 
Figure 2.2 provide an illustration of the segments considered and a summary of the 
inputs and outputs of the model respectively. 
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Figure 2.1: Sketch showing the rigid body segments in the model 
 
Figure 2.2: Diagram showing the different processes in the model. Note: The significance of dashed lines 
from the division of foot forces process is because this step is not performed for barefoot trials, where only 
net GRF and CoP are measured. The outlined section is the musculoskeletal model, where only shank, 
hindfoot and toe segments are incorporated. 
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All computational processes are performed in Matlab (version 7.11.0, The Mathworks 
Inc, 2010b), with the open-source Biomechanical ToolKit (btk-0.1) and optimisation 
toolbox for data extraction and optimisation respectively (Barre et al., 2014). 
2.2. Division of Foot Forces 
In this thesis the ratio of hindfoot and toe plantar pressures as measured by the PedarX 
in-shoe measurement system described in Section 1.3.1 are used to divide the forces 
measured by the forceplate, resulting in a 3D external force for each foot segment 
according to the method outlined by MacWilliams et al. and implemented by Saraswat 
et al. (MacWilliams, et al., 2003; Saraswat, et al., 2010). Cells corresponding to the 
hindfoot and toe segments are according to Putti et al. (2007) and shown in Figure 2.3. 
 
Figure 2.3: Diagram of the PedarX insole, with individual measurement locations (“cells”) numbered. 
Note: Outlined region represents cells that were used to determine the force acting under the Toe segment, 
with the remainder representing the Hindfoot. Axes labels refer to the insole’s coordinate frame. 
X 
Y 
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2.3. Spatial Synchronisation of Data Inputs 
A critical step in deriving the external loading on the foot segments is the spatial 
synchronisation of data inputs, as the plantar pressure data was recorded in the 2D 
coordinate frame of the insoles and the forceplate data was measured in the 3D 
coordinate frame, defined by the motion capture system. This method was based on the 
work of Fradet et al. (2009), where a series of coordinate transforms relate the 
measured plantar pressure values from the insole coordinate frame to the local hindfoot 
and toe coordinate frames, as defined by the marker clusters on the shoe. Briefly, this 
relies on a calibration coordinate frame being defined by digitising and depressing three 
non co-linear points on the pressure insoles. Details of the digitising wand and 
definitions of a transformation matrix can be found in Chapter 3 and Section 2.7 
respectively. This calibration frame is then related to both the insole and the shoe 
coordinate frames providing a fixed 3D transformation matrix to go between the insole 
and shoe cluster coordinate frames according to the expression: 
          
            
            
           
     (2.1) 
From each of the hindfoot and toe coordinate frames, the centre of pressure (CoP) 
under each foot segment in the global coordinate frame, spatially relating the motion 
and forceplate data with the plantar pressure data, is given by the expression: 
                  
           
                  (2.2) 
The key assumption in this approach to spatially synchronising the CoP data to marker 
data is that the insole does not move inside the shoe, which is unlikely to be an issue for 
the tasks being investigated (walking and an eccentric heel drop exercise). 
2.4. Filtering Model Inputs 
All optical marker and plantar pressure data and forceplate data were filtered through a 
4th order Butterworth filter with a cut-off frequency of 4Hz and 35Hz respectively, in line 
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with similar studies analysing optical motion and forceplate data during level and/or 
inclined gait (Manal et al., 2000; Noble et al., 2008; Sasaki et al., 2010; Silverman et al., 
2012). These were implemented through the ‘butter’ and ‘filtfilt’ functions in Matlab. It 
should be noted that possibly due to the under-use of PedarX insoles in biomechanics 
studies, filtering of the raw data outputs are either not performed or settings not 
generally reported. Only one study published has reported settings to filter vertical GRF 
data captured at 100Hz from the PedarX insoles (Panizzolo et al., 2013), but to maintain 
consistency with data capture at 100Hz, filtering was as per that used for the optical 
motion data. 
2.5. Optical Marker Setup 
The lower limb anatomical landmarks were identified by spherical reflective markers 
attached to the skin for the shank, femur and pelvis (Figure 2.4). These landmarks were 
chosen based on the muscle model dataset of Klein Horsman et al. (2007). Landmarks of 
the foot were digitised with a custom-made wand which has three optical markers 
directly attached, (full description in the next chapter). Landmarks were chosen to 
provide the necessary axes to define an anatomical coordinate frame of the hindfoot 
and toe segments and are summarised in Table 2.1. 
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Figure 2.4: Computer representation of the markers used when attached to the subject 
Marker Name Type of Marker Marker Location 
RASIS Single Marker Right anterior superior iliac spine 
LASIS Single Marker Left anterior superior iliac spine 
RPSIS Single Marker Right posterior superior iliac spine 
LPSIS Single Marker Left posterior superior iliac spine 
RT1, RT2, RT3 Cluster Triad Approximately antero-lateral mid-thigh 
RFME Single Marker Medial femoral epicondyle 
RFLE Single Marker Lateral femoral epicondyle 
RC1, RC2, RC3 Cluster Triad Approximately antero-lateral mid-shank  
RTAM Single Marker Tibial malleolus 
RFAM Single Marker Fibular malleolus 
RHF1, RHF2, 
RHF3 
Cluster Triad 
In-shoe: over the lateral Calcaneus 
Barefoot: superior to the 5th metatarsal head 
RToe1, RToe2, 
RToe3 
Cluster Triad 
In-shoe: over the second and third toes 
Barefoot: superior surface of the proximal 
phalanx of the big toe 
RFCC Digitised Point Posterior point of Achilles Tendon insertion 
RFMT Digitised Point Lateral point of the 5th metatarsal base 
RTF Digitised Point Medial point of the 1st metatarsal base 
MedMTP Digitised Point Medial point of the 1st metatarsal head 
LatMTP Digitised Point Lateral point of the 5thmetatarsal head 
RP2 Digitised Point Most distal point of the 2nd toe 
Met2 Derived Point 2nd metatarsal base 
Table 2.1: Table of markers used and their anatomic location. Note the Met2 marker is derived from the 
digitised MedMTP and LatMTP points described in the subsequent Section. 
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2.6. Segment Definition 
Segment definitions were according to the International Society of Biomechanics (ISB) 
recommendations for the pelvis, femur and shank segments (Wu, et al., 2002). The 
hindfoot and toe segments were defined separately, with the assumption that the toes 
were driven by the kinematics measured on the Hallux during barefoot trials, based on 
the method shown by Saraswat et al. (2010).  
In the case of in-shoe data, hindfoot and toe segment kinematics were driven by the 
shoe kinematics. Hip, knee and ankle joint centres (HJC, KJC and AJC respectively) are 
found relative to anatomical landmarks defined by Klein Horsman et al. (2007). The 
centre of rotation for the toe segment is taken to be the head of the 2nd metatarsal, 
which is found by translating 40% along the vector from the head of the 1st metatarsal to 
the head of the 5th metatarsal (subsequently referred to as “the MTP line”). A value of 
40% was used, as using the mid-point of the MTP line would put the centre of rotation 
between the 2nd and 3rd metatarsal heads, whereas hindfoot and toe segment 
definitions are based on the 2nd metatarsal head position. 
The local segment coordinate frames are defined such that the positive X-axis points 
anteriorly, the positive Y-axis points superiorly and the positive Z-axis laterally. The 
subscript “i” is used to denote an intermediate axis. Definitions of all body segments 
considered are defined below and illustrated in Figure 2.5: 
 
 Axis Definition 
Origin HJC 
Z-axis Vector from the LASIS to RASIS 
Xi-axis Vector from the mid-point of the LASIS and RASIS to 
the mid-point of the LPSIS and RPSIS 
Y-axis cross product of the Z-axis and Xi-axis 
X-axis cross product of the Y-axis and Z-axis 
Table 2.2: Anatomical coordinate frame of the pelvis segment 
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 Axis Definition 
Origin HJC 
Y-axis Vector from the knee centre of rotation to the HJC 
Zi-axis Vector from the RFME to RFLE 
X-axis cross product of the Y-axis and Zi-axis 
Z-axis cross product of the X-axis and Y-axis 
Table 2.3: Anatomical coordinate frame of the femur segment 
 Axis Definition 
Origin KJC 
Y-axis Vector from the AJC to KJC 
Zi-axis Vector from the RTAM to RFAM 
X-axis cross product of the Y-axis and Zi-axis 
Z-axis cross product of the X-axis and Y-axis 
Table 2.4: Anatomical coordinate frame of the shank segment. 
 Axis Definition 
Origin AJC 
X-axis Vector from the RFCC to the Met2 
Zi-axis cross product of the X-axis and the vector from RFCC 
to RTF 
Y-axis cross product of the Zi-axis and X-axis 
Z-axis cross product of the X-axis and Y-axis 
Table 2.5: Anatomical coordinate frame of the hindfoot segment 
 
 Axis Definition 
Origin Met2 
X-axis Vector from the Met2 to RP2 
Zi-axis Vector from the MedMTP to LatMTP 
Y-axis cross product of the intermediate Z-axis and X-axis 
Z-axis cross product of the X-axis and Y-axis 
Table 2.6: Anatomical coordinate frame of the toe segment 
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Figure 2.5: Sketch of the lower limb showing the locations of segment origins and centres of rotations. 
Note: Black circles denote segment origins for kinematic and inverse dynamics calculations. The origins of 
the femoral and tibial segments become the KJC and AJC respectively when determining muscle wrapping 
at those joints, so as to minimise errors in muscle path and moment arm calculations. 
2.7. Kinematic Analysis 
3D segment position and orientation can be represented by a single 4x4 transformation 
matrix,         
   , which allows for a direct mathematical means of tracking the segment. 
A transformation matrix contains a 3x1 translation vector and a 3x3 rotation matrix, 
        
   . The translation vector,  ̅, describes the position of the origin in the global 
coordinate frame and the rotation matrix,         
   , describes the orientation of each 
segment axis in the global frame. Expressed mathematically, the rotation matrix can be 
Hip CoR 
Knee CoR 
Ankle CoR 
MTP CoR 
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expressed as [  ̂    ̂ |  ̂ ], where  ̂,  ̂ and  ̂ are the normalised segment axes. The 
relation between a transformation matrix and its rotation matrix and translation vector 
can be expressed mathematically as: 
            
    [ ̂  ̂  ̂
 ̅
    
]  (2.3) 
Joint kinematics are calculated through the matrix multiplication of distal and proximal 
segment coordinate transforms to provide a mathematical representation of the 
rotation from the distal to proximal segment coordinate frame. 
           
              
                
    (2.4) 
This resultant transformation matrix contains the Euler rotations representing the three 
rotations to rotate the distal coordinate frame into the proximal coordinate frame as 
shown in Figure 2.6. 
 
Figure 2.6: Sketch representing the three rotations to rotate the distal coordinate frame into the 
proximal coordinate frame. Note: The bold axis refers to the axis being rotated; “dist” and “prox” are the 
distal and proximal frames respectively and α, β and γ are the rotations about their respective axes. 
According to the notation shown by Eqns. 2.5 to 2.7 below, each of the rotations about 
the respective axis can be represented by: 
      ( )  [
   
    ( )     ( )
    ( )    ( )
]  (2.5) 
Xprox 
Zprox 
Yprox 
X’ Z’ 
Y’ 
α 
X’’ 
Z’’ 
Y’’ 
β 
Xdist 
Ydist 
γ 
Zdist 
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       ( )  [
   ( )     ( )
   
    ( )     ( )
]   (2.6) 
     ( )  [
   ( )     ( )  
   ( )    ( )  
   
]  (2.7) 
As matrix multiplication is non-commutative, the order in which these rotation matrices 
are multiplied must be considered. The main consideration in deciding what sequence in 
which to multiply the matrices is often the magnitude of the three rotations, where 
multiplication is done in the order of largest to smallest expected rotation in order to 
minimise the effect of cross talk and ensure that the angles relate closely to the clinical 
terms of joint position/motion. Taking the ankle as an example and following the 
method of Tupling and Pierrynowski (1987), the Z-axis (representing dorsi-
/plantarflexion) rotation is performed first, followed by the X-axis (representing ab-
/adduction), followed by the Y-axis (representing int-/external rotation). This order of 
multiplications is referred to as an Euler sequence and for the example given above, the 
sequence would be Z, X’, Y’’. Abbreviating the trigonometric terms sine and cosine as “s” 
and “c” respectively results in the following representation of the Z, X’, Y’’ Euler 
sequence: 
        
         ( )     ( )    ( )  (2.8) 
       
       ( )  [
   
      
     
]  [
      
     
   
]  
       
     [
     
   
      
]  [
      
         
          
] 
      
     [
                           
           
                           
]  (2.9) 
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From the matrix in Eqn. 2.9 it is possible to determine the Euler angles that represent 
the rotation from distal to proximal coordinate frames using an arctangent (     ) and 
arcsine (     ) function. This calculation is implemented through the ‘asin’ and ‘atan2’ 
functions in Matlab to derive the inverse sine and quadrant inverse tangent of the 
respective matrix components, where      are the i-th row and j-th column of      
    . 
           (    )   (2.10) 
           (
    
 
 
    
 
)  (2.11) 
           (
    
 
 
    
 
)  (2.12) 
To avoid confusion in subsequent sections where kinematic results are presented, it 
should be emphasised and clarified here that the three Euler angles are the angles to go 
from the distal to proximal coordinate frame and represent rotations about the 
talocrural (dorsi/plantar-flexion) and subtalar (inv/eversion) joints of the ankle. The 
ankle angle values presented in subsequent chapters describe the foot’s orientation with 
respect to the shank and as such are the negative of the Euler angles. For example, an 
ankle which has Euler angles of      ,      and       would be presented as 
     about the X-axis (an everted foot),    about the Y-axis (an externally rotated 
foot) and     about the Z-axis (a plantarflexed foot). 
2.8. Inverse Dynamics 
Inverse dynamics aims to account for the dynamics of segment motion in both linear 
and rotational terms. Dumas et al. (2007) showed how inverse dynamic calculation 
method choice can influence the inter-segmental moments at the ankle, knee and hip 
joints, with increasing difference as you progress proximally towards the hip. As the 
inverse dynamic outputs calculated here are to be subsequently used as inputs for the 
calculation of ankle muscle forces through a static optimisation process, the method 
using vectors and Euler angles was chosen to calculate the inter-segmental outputs 
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(Apkarian et al., 1989). This is an iterative process, where forces and moments acting on 
the distal end of a segment are incorporated with segment weight and accelerations 
using Newton-Euler equations of motion to provide proximal inter-segmental forces and 
moments. These proximal forces and moments then act as the distal input for the next 
proximal segment as shown in Figure 2.7.  
 
Figure 2.7: Sketches showing A) Forces, moments and dynamics considered for each segment’s inter-
segmental forces; B) The relation between inter-segmental outputs along the kinetic chain. Note: “Fdyn” 
represents the forces due to linear and angular accelerations. 
There are however two differences between the method used here and that shown by 
Akparian et al. (1989). First is the addition of a “toe” body segment, which was not 
accounted for originally, but is modelled as a solid ellipsoid described by Satterly (1960). 
The second difference is the way the inertial tensor for each segment is derived is now 
based on the equations for segment mass and radii of gyration by Diaz et al. (2006) and 
Challis et al. (2012). A summary of the anthropometrics for the segments is shown in 
Table 2.7. 
mg 
ma 
 
Fproximal 
Fdistal 
Mdistal 
Mproximal 
Iα + ω x Iω 
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Mproximal 
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Segment Shape 
Thigh Truncated Cone 
Shank Truncated Cone 
Hindfoot Truncated Cone 
Toe Ellipsoid 
Table 2.7: Shapes used to represent the lower limb body segments 
Additionally, joint powers allow for a better understanding of joint function, as it is 
derived from the product of the inter-segmental moment and joint velocity. If the joint 
moment and angular velocity have the same sign, the joint is considered to be 
generating power, whereas opposing signs correspond to power absorption by a joint. 
2.9. Muscle Wrapping 
The muscle dataset of Klein Horsman et al. (2007) was used to determine the geometry 
of the subject’s ankle musculature. Muscle points were scaled according to length and 
epicondylar and malleolar width for the femur and shank respectively, and length for the 
foot. The muscles used in the model were: Soleus (SolMed and SolLat), Gastrocnemius 
(GastMed and GastLat), Plantaris (Plant), Peroneus Brevis (PreoB), Peroneus Longus 
(PeroL), Peroneus Tertius (PeroT), Tibialis Anterior (TibAnt), Tibialis Posterior (TibPost), 
Extensor Hallux Longus (EHL), Extensor Digitorum Longus (EDL), Flexor Hallux Longus 
(FHL) and Flexor Digitorum Longus (FDL) modeled by a total of 39 muscle elements. The 
location and a brief description of all muscles mentioned here can be found in the 
previous chapter. 
Cylindrical wrapping objects of different diameters were defined along the malleolar axis 
for each of the 12 muscle bundles, while muscle moment arms were calculated relative 
to the cadaveric talocrural axis and functional joint centre as shown in Figure 2.8. To 
calculate the diameter of each wrapping object, the two muscle via points nearest the 
talocrural axis were used to define a line of action. The minimum perpendicular distance 
from this line of action to the talocrural axis was then used as the cylinder radius. 
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Figure 2.8: Illustration of which axes are used to calculate the functional moment arms and wrapping 
points. Note: Talocrural axis orientation and joint centre are not to scale 
The wrapping algorithm used ‘via’ points nearest the joint centre (if available, otherwise 
the origin and insertion) to define the initial line of action. The minimum distance 
between a point on this line of action and the wrapping object’s axis was then found. If 
this point was on the correct side of the wrapping surface, it was considered to be 
physiological and used to calculate the muscle moment arm. If not, it was “pushed” to 
the surface of the cylinder in the sagittal plane. This point was checked to ensure it was 
on the correct side of the cylinder, otherwise it was pushed to the opposite side in the 
sagittal plane, as shown in Figure 2.9. For example, the muscle path for Tibialis Anterior 
would fall into the first case (correct side) and Tibialis Posterior would be an example of 
the second (incorrect side that required pushing across the cylinder). 
Talocrural axis 
Functional 
joint centre 
Shank 
segment 
Malleolar 
axis/cylinder 
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Figure 2.9: Illustration of the minimum distance point being “pushed” to the correct side of the 
wrapping object’s surface for Tibialis Posterior. Note: Dashed and solid lines denote the original and new 
muscle paths. Only one cylinder is shown here for clarity. V is the Vector from the wrapping object axis to 
minimum distance point, X. 
This wrapping point was then used to determine a new line of action for the muscle. The 
minimum distance between the new lines of action and the joint centre in the proximal 
segment coordinate frame were then calculated and provided the muscle moment arms 
about all three rotational axes of the segment. 
In the case of biarticular muscles that cross the knee (Plantaris and Gastrocnemius) and 
the MTP joint (Extensor Digitorum Longus, Extensor Hallucis Longus, Flexor Digitorum 
Longus and Flexor Hallucis Longus), the algorithm is run once at each joint and the 
resulting wrapping points at the knee and ankle or ankle and MTP joint were used to 
define the line of action and moment arms about the ankle respectively. The key 
assumption here is that all muscles passed over the wrapping object as frictionless 
pulleys, considered reasonably representative of tendon gliding in the musculoskeletal 
system, and only provide a reaction force towards the centre of the wrapping object. 
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2.10. Muscle Dynamics 
Muscle dynamics included in this model are intended to constrain muscle force solutions 
from the static optimisation to account for the electromechanical delay between an 
action potential to initiate muscle contraction and the subsequent recruitment of 
muscle fibre bundles to produce a contractile force. This is to avoid the “switch” action 
of unconstrained muscles, whereby a muscle can oscillate between zero and maximum 
activation in a single time step. Following stimulation of skeletal muscle, maximum 
muscle force has been shown to occur between 40ms and 116ms later (Bellemare et al., 
1983; Grimby et al., 1979) showed that. To implement this, upper and lower bounds of 
the solution were constrained to remain within a specified boundary (here set to 30%) 
of the individual muscle’s maximum permissible force relative to the solution of the 
previous time step (Eqns. 2.13 and 2.14) respectively. This resulted in each muscle 
requiring a 40ms period to reach maximum activation, if required, as optical motion data 
was recorded at 100Hz, resulting in a time step of 10ms between frames. Details of the 
experimental setup for all experiments can be found in Chapter 3. 
                      (2.13) 
                      (2.14) 
Where: 
  – is an index corresponding to the current time frame to be solved 
    – The current upper bound of the specific muscle 
    – The current lower bound of the specific muscle 
     – The calculated muscle force for the previous time step 
     – The muscle’s maximum permissible force 
  – The boundary of maximum muscle force used to determine the current frame’s 
upper and lower bounds 
This was implemented for all time frames after the first frame, where lower and upper 
bounds were zero and maximum muscle force respectively. The assumption being that 
the tasks performed should have smooth activations after the initial muscle forces were 
determined. This is particularly important where large moments have to be balanced for 
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every frame, such as during the heel-drop exercise described in Chapter 1 and presented 
in Chapter 8. 
Aside from rate of loading constraints, the maximum force a muscle can generate is 
required. As used by Modenese et al. (2011) this was taken to be the product of muscle 
physiological cross-sectional area (PCSA) and maximum muscle stress,     , of 
37.7Ncm-2, based on the work of Haxton (1944). The choice of this particular value is 
discussed at the end of this chapter. 
2.11. Static Optimisation 
In order to calculate individual muscle forces, each muscle’s contribution must be taken 
into account when balancing the total inter-segmental moment. This can be represented 
mathematically as the dot product of the moment arms with the muscle force vector 
equalling the inter-segmental moments described in Section 2.8.  
                 (2.15) 
Where: 
  – is an index corresponding to the current time frame to be solved 
   – A matrix of moment arms for N muscle elements about each axis of rotation 
   – A column vector of muscle forces to be determined by the optimisation 
   – A matrix of inter-segmental moments about each axis of rotation 
It should also be noted that as the ankle joint was treated as a saddle joint, moments 
about the superior-inferior axis were not resolved in the static optimisation. However, as 
this is a statically-indeterminate problem, a number of optimisation approaches have 
been presented in the literature and the choice of optimisation approach and objective 
function are discussed at the end of this chapter. The approach taken here is the 
minimisation of the sum of each muscle’s stress raised to the third power (Eqn. 2.16) as 
has been done previously (Prilutsky et al., 2002; van der Helm, 1994). This minimisation 
approach has been considered by others (Cleather, et al., 2011; Crowninshield et al., 
1981; Dul et al., 1984b; Modenese, et al., 2011) to be related to endurance through 
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achieving the task with the minimum overall energy expended. This is appropriate when 
considering the tasks assessed in this thesis are not demanding and can be considered to 
be achievable without the need for extensive muscle synergies to achieve. 
      ( )     (∑ (
  
     
)
 
 
 )  (2.16) 
Where: 
G – The objective function to be minimised 
  – The j-th muscle element’s force 
      - The PCSA of the j-th muscle element  
n – The number of muscle elements 
2.12. Joint Reaction Forces 
Joint reaction forces are first calculated by summing the individual force contributions 
due to each muscle element (F1,2,3 in Figure 2.10a), which is equivalent to an overall 
muscle force vector (Fmuscle in Figure 2.10b). The joint reaction force is the sum of this 
overall muscle force vector with the inter-segmental force calculated through the 
inverse dynamics process described in Section 2.8 (Fproximal in Figure 2.10b). 
 
Figure 2.10: Illustration of the components of the joint reaction force with: A) individual components of 
muscle force; and B) an equivalent overall muscle force vector. Note: only 3 muscle elements are shown 
here for clarity. 
A) 
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2.13. Limitations 
As with other musculoskeletal models, there are limitations in the modelling process, 
particularly at the point of data collection and during the determination of muscle 
forces.  
Specific to models relying on in-shoe measurements, a common limitation is the 
assumed proportional split of shear and normal forces under the foot according to the 
ratio of ‘hindfoot’ to ‘toe’ plantar pressures, as shown by MacWilliams et al. (2003). 
While this assumption is necessary due to the lack of experimental capability to measure 
shear forces in the shoe, Bruening et al. (2010) showed that differences exist between 
estimated and predicted GRFs. In particular, antero-posterior (A/P) shear forces were 
found to act in opposite directions, with RMS differences of 4% between measured and 
estimated GRFs being reported. However, as noted by the authors, joint moments 
proximal to the foot are unlikely to be noticeably affected by the redistribution of forces 
in this way, due to the dominance of the vertical reaction force in the calculation of joint 
moments. While these differences may be considered small, the main limitation from 
their study to be highlighted is the need for targeted gait, so as to strike the forceplates 
in the correct way. Targeted gait resulted in differences (with a significant difference 
noted in stance time) between self-selected and targeted walking. In particular, subjects 
were found to have a longer stance time and a shorter stride length, suggesting they 
were taking more careful steps, possibly explaining some of the differences observed in 
GRF.  However, due to practical limitations, it is not currently possible to obtain shear 
force measurements within shoes. While this is a limitation, the inclusion and 
subsequent portioning of net shear forces measured by the forceplate are unlikely to 
provide substantial gains regarding ankle loading, as vertical reaction forces are typically 
orders of magnitude greater than shear loading during gait. The final limitation with 
regards to using forceplates is the lack of perpendicular torque data when using a 
portable system over an embedded system. However, when the foot is flat on the 
forceplate, torques perpendicular to the plate surface is minimal and as such will likely 
have minimal impact of modelling outputs. 
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The assumption that skin-fixed optical markers represent the motion of the underlying 
bone has been questioned by several authors, because of errors related to marker 
placement and skin motion during dynamic activities. For clarity, the segments of the 
model will be assessed independently. For the shank, peak RMS rotational errors 
between 4.4° and 7° and translational errors of between 13mm and 14.1mm have been 
reported using bone pins (Benoit et al., 2006; Manal, et al., 2003). For the Calcaneus and 
Navicular, mean positional differences up to 12.1mm and 16.4mm and rotational 
differences of 0.2° and 0.7° respectively were reported using fluoroscopy (Shultz, et al., 
2011). Nester et al. reported peak RMS differences of 8.1° in Talocrural angle, with 
13.8% of the marker kinematics being within 5° of the bone-pin values (Nester et al., 
2007). The assumption that shoe motion represents the motion of the underlying foot 
bones is also a limitation, given a fluoroscopic assessment of walking has shown 
differences in talocrural and subtalar kinematics between barefoot and shod walking 
(Campbell et al., 2014). The sensitivity of musculoskeletal models to kinematic errors has 
been investigated, with Southgate et al. (2012) reporting significant changes in knee 
rotator muscle force activations with increasing axial rotations up to 0.1 radians (5.7°) of 
the shank. Such errors in segment definition are likely to have a similar impact at the 
ankle, particularly as the muscles that span the ankle are likely to be at least as sensitive 
to errors in axial rotation of the shank, as the same positional error is proportionally 
greater for the smaller moment arms of the ankle muscle compared to the knee. Finally, 
the assumption that rotations about mutually orthogonal axes represent rotations of the 
talocrural and subtalar joints is a limitation, particularly given the non-orthogonal 
relationship between these axes of the ankle (Sheehan, 2010). 
The use of a scaled muscle dataset is another major limitation of this model, which will 
result in similar errors in muscle geometry and muscle force predictions. Although the 
muscle dataset is scaled according to the equivalent anatomical landmarks, the use of a 
general muscle model will lack any patient-specific morphological detail. 
As segment dynamics are used to calculate inter-segmental moments, inertial properties 
of each body segment must be defined appropriately. While the equations used to 
define inertial properties are based on anatomic landmarks, this is still an approximation 
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of the true geometry of the body segment. However, Rao et al. (2006) showed that the 
effect of different approximations of lower limb body segment parameters was marginal 
during stance with <1% and <4% difference in variation of RMS moments for the ankle 
and knee respectively. 
Aside from kinematic inputs, the choice of objective function and its constituent 
components, such as specific tension of muscle in the case of the model presented here, 
are potential sources of error when deriving muscle forces. This will be discussed in full 
in Chapter 10. 
Reported values for specific tension, a key parameter used to derive the maximum force 
a muscle can produce, have varied from 35 to 137 N/cm2 (Buchanan et al., 2004). Often 
a single value is used for all muscles in a musculoskeletal model (Buchanan, 1995; 
Cleather, et al., 2011; de Groot, 1998; Happee et al., 1995; Modenese, et al., 2011; Zajac, 
1989), with only one upper limb model reporting different values for upper and lower 
arm muscles (Holzbaur et al., 2005). The first difference to highlight between these 
models is the difference in specific tensions used in upper limb and lower limb models. 
Upper limb models have generally used higher values of specific tension (35N/cm2 to 
140N/cm2) when compared to lower limb models (30N/cm2 and 40N/cm2). 
Experimentally-derived specific tensions of between 5N/cm2 and 65N/cm2 have been 
reported for the muscles of the Achilles tendon (Haxton, 1944; Maganaris et al., 2001; 
O'Brien et al., 2010) and 30N/cm2 for the Quadriceps muscles (Erskine et al., 2009). 
These experiments suggest the values of 31.4N/cm2 and 37N/cm2 used in the two lower 
limb models considered here (Cleather, et al., 2011; Modenese, et al., 2011), are 
reasonably representative of the specific tensions in the lower limb. A reason for the 
wide range of reported values is likely due to the different experimental approaches 
used in deriving the specific tension of muscle. Methods have included: single fibre 
experiments (Lucas et al., 1987), MRI-derived moment arms and centres of rotation 
during isometric muscle contraction on a dynamometer (Erskine, et al., 2009; Maganaris, 
et al., 2001; O'Brien, et al., 2010) and external torque measurements coupled with 
muscle moment arms from cadaveric experiments (Fukunaga et al., 1996). However, 
while several approaches have been used to derive specific tension of muscle, the 
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sensitivity of muscle force predictions to specific tension are not clear with variable 
effects on magnitude of hip contact load reported (Martelli et al., 2011; Modenese, et 
al., 2011). This will be discussed in Chapter 10, but for the purposes of this work, it 
should not be assumed that Achilles tendon load is implicitly insensitive to specific 
tension. 
The choice to treat the ankle joint as a saddle joint is intended to better represent the 
talocrural and subtalar joints. This necessitates the assumption that moments about the 
superior-inferior axis of the ankle are resolved by soft tissue structures at the ankle not 
modelled here, such as ligaments and the ankle capsule, as well as musculature and soft 
tissue constraints of the knee and hip. Such an assumption is not new, with previous 
models representing the ankle as two revolute joints (Modenese, et al., 2011). 
The rationale behind the use of static optimisation to solve the indeterminate muscle 
force problem is not new, with different objective functions, minimisation approaches 
and constraints being proposed. All objective functions have the aim of representing a 
physiological parameter such as fatigue or energy expenditure and appropriate 
measures such as volumetric oxygen consumption, calcium uptake, percentages of 
slow/fast twitch fibres, muscle activation or muscle stress are subsequently 
incorporated and used to model the parameter in question. 
Approaches to date can be considered to approach the problem of load-sharing from 
either a physiological or mechanical perspective. Regarding the former, physiological 
and metabolic measures, such as calcium uptake and oxygen consumption, form the 
basis of energy-focussed objective functions, with the main assumption being the 
musculoskeletal system performs tasks as energetically “cheaply” as possible (Dul et al., 
1984a; Hardt, 1978; Praagman et al., 2006; Prilutsky, et al., 2002). Regarding the 
mechanical perspective, minimising a function related to muscle stress or activation 
(defined here as the ratio of instantaneous to maximum force for a given muscle) are 
the two most common objective functions used (Cleather, et al., 2011; Crowninshield, et 
al., 1981; Delp et al., 1995; Dul, et al., 1984b; Modenese, et al., 2011; Rasmussen et al., 
2001; van der Helm, 1994). The two have been used interchangeably, with similar 
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outputs reported for the two approaches. However, it should be noted that while 
minimising muscle activation or muscle stress should give identical results, the definition 
of maximum muscle force as the product of PCSA and maximum muscle stress is a 
simplified one, as it neglects force-length-velocity characteristics, which in reality will 
alter a muscle’s force-generating capacity. As discussed by van der Helm et al. (1994), 
the lack of reliable in-vivo muscle data is one of the hindrances to model validation and 
has led to authors preferring the summed muscle stress criterion. 
Regarding the minimisation approach itself, two methods have been taken up by the 
majority of the musculoskeletal community and these are using a global minimisation 
approach or a min/max approach. To illustrate the difference in methods here, (Eqns. 
2.16 and 2.17) refer to a global and min/max approach respectively but for the same 
objective function.  
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Rasmussen et al. (2001) showed that the two approaches will converge to the same 
solution, as the power to which the function is raised tends to infinity. The intention of a 
min/max approach is to minimise the maximum stress (in the case considered here) for 
an individual muscle and consequently reduce fatigue by avoiding excessive recruitment 
of specific “optimal” muscles, which a global approach specifically targets. 
Consequently, to balance the required moments, sub-optimal muscles will be recruited 
to provide the necessary balancing force. A key result of this is that recruitment of sub-
optimal muscles will likely increase the overall cost (in terms of the objective function 
value output) to perform the task. However, the question as to whether this is 
appropriate for low-demand lower limb activities has not been discussed thoroughly. 
When considering the evolution of the human musculoskeletal system, the purpose of 
the lower limbs can be considered primarily for locomotion. To this end, muscle groups 
can be considered to achieve this as efficiently and therefore physiologically cheaply, as 
possible. While there is muscular redundancy in the system, it is unlikely these sub-
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optimally placed muscles will be recruited during low-demand tasks unless the system is 
severely fatigued. Therefore, the physiological relevance of a min/max approach during 
low-demand lower limb activities is not clear. Possibly more relevant would be the use 
of such an approach in the upper limb, where muscle groups at the shoulder exist largely 
to provide stability during motor tasks and as such, avoiding fatigue of any muscles 
would seem logical. 
The debate as to which load-sharing approach is best is still on-going. However, Prilutsky 
and Zatsiorsky (2002) provide a sound basis from which to assess the merits of a load-
sharing approach, with their three factors stated below: 
1) quantitative measures of the objective function’s performance, 
2) physiological meaning of the objective function, and 
3) availability of physiological mechanisms that could implement the 
criterion. 
While the first point would require in-vivo measures of individual muscle force, the last 
two points are focussed on physiological relevance of the approach and this has been 
the basis on which the load-sharing approach has been decided upon.  
2.14. Summary 
This chapter presented a musculoskeletal pipeline from the point of data collection to 
the calculation of joint reaction forces. The features which are unusual to this thesis are 
the use of a combination of forceplate and instrumented pressure insoles to derive the 
necessary force vector inputs to the model, and the new approach to account for soft 
tissue wrapping of musculo-tendon paths at and around the foot and ankle. 
The following chapter presents the experimental setup used to acquire all of the data 
inputs referred to here, as well as the technical information for each associated piece of 
hardware.
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Chapter 3: 
Experimental Overview 
3.1. Introduction 
This chapter outlines the experimental setup used to acquire the necessary data for the 
musculoskeletal model only. Descriptions of the tasks performed by subjects will be 
provided in the relevant parts of later chapters.  
3.2. Experimental Hardware 
The motion capture system used to record all data was located in the Biodynamics 
Laboratory in Charing Cross Hospital (London, United Kingdom). Subject motion was 
tracked by a 10 camera optical motion tracking system (Vicon Motion Systems, Oxford, 
UK) recording at 100Hz (McIntosh et al., 2006). External ground reaction force input for 
the model was recorded at 1000Hz by a portable forceplate (Figure 1.12). Plantar 
pressure data was recorded at 100Hz by a pair of instrumented Pedar insoles (Figure 
1.13). Figure 3.1 shows the final set up used by all subjects. 
 
Figure 3.1: Pictures showing the set up of individuals from anterior and posterior views 
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3.3. Laboratory setup for Gait 
The mechanical effect of heel wedges on a variety of walking conditions necessitated the 
need for an inclined walkway which could securely accommodate a forceplate either on 
a level or inclined surface, shown in Figure 3.2. 
 
Figure 3.2: Picture of the inclined walkway set at 10 degrees. 
This setup allowed the subjects to approach the incline on a level surface for several 
steps, before ascending the incline where foot strike was recorded followed by a few 
steps of level walking at the top of the incline. Subjects were then asked to turn around 
and walk down the incline to provide the data for the downhill walking condition. 
Several constraints affected the design of the walkway, including the need to reliably 
and quickly set and secure the walkway to an incline, the need to have portable 
forceplates incorporated in the walkway, both when level and inclined and finally, the 
need for the entire walkway to be portable, to avoid impeding other parallel studies in 
the laboratory. 
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Therefore, the frame of the entire setup was made from aluminium strut profile (45mm 
x 45mm Bosch Rexroth, Rexroth Bosch Group AG, Germany), with 10mm aluminium 
braces used to support the ramp when set at an incline. Geometry of the slot cut into 
each of the braces was decided on based on an incline of 5° and 10°. While several 
studies have investigated walking on a variety of walking inclines (range 3° - 15°), and 
shown differences exist even at shallow inclines (Franz et al., 2013; Haggerty et al., 2014; 
Hong et al., 2014), the final angles of 5° and 10° were chosen here in order to represent 
a reasonable incline for subjects, but not one which may result in pain for patients with 
existing Achilles pain. As gait mechanics of Achilles tendinopathy patients has not 
previously been investigated, the maximum angle of 10° was chosen as the “inclined” 
condition for all subjects. 
3.4. Laboratory setup for the Eccentric Exercise 
One of the key treatments for Achilles tendinosis is the eccentric heel drop exercise 
discussed in the previous chapter. To replicate this setup a wooden block was 
constructed to replicate a step similar to that that found at a patient’s home since 
routinely such exercises are performed here by the majority of patients. The step was 
sanded to provide a smooth and flat surface and the edges were rounded to provide a 
comfortable radius of curvature to stand on during the barefoot test condition. The step 
itself was secured to the forceplate with a ratchet strap (Figure 3.3). 
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Figure 3.3: Picture of the wooden step secured to the forceplate used during the eccentric exercise. Note: 
parallel bars were provided for safety, but during testing, subjects were instructed not to use them unless 
they felt unable to continue. 
3.5. Nylon Digitising Wand 
To avoid any confusion in terminology, it should be clarified that the wand used to 
define the capture volume9 will be refered to as the “L-wand” and the custom-made 
wand used for landmark digitisation will be refered to as the “nylon wand”.  
The nylon wand was deemed neccesary for several reasons. Firstly, the L-wand is useful 
for calibrating and defining a large capture volume, but its size makes it inconvenient 
when digitising bony landmarks on the shoe with subjects in a neutral pose and as such, 
the nylon wand is approximately half the size. Secondly, the pointed end of the nylon 
wand provides a more specific point and grip on shoes when digitising bony landmarks, 
improving the accuracy of digitised points. Thirdly, and more importantly, a pointed tip 
                                                          
9
 Vicon Motion Systems system preparation guide from: 
http://www.metrics.co.uk/support/downloads.php, accessed 24/11/2012. 
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is necessary when spatially synchronising the pressure insole and motion capture 
coordinate frames. The rounded end is attached to a square section of the L-wand which 
does not provide a sufficiently accurate point to apply pressure in the insole, particularly 
when digitising a point in the Toe region of the insole near the front of the shoe. The 
nylon wand is specific and compact enough to reach the Toe region of the pressure 
insole without depressing neighbouring pressure cells when passing through the shoe. 
Finally, as moderate pressure is applied to the nylon wand to register on the pressure 
insoles, this would have required applying a bending moment to the L-wand, which is 
highly undesirable, as this could damage or bend the hollow L-wand, resulting in large 
errors when calibrating and defining the capture volume. The nylon wand had a cross 
section of 20mm x 12mm and is solid nylon, making it significantly stiffer than the L-
wand, which has a 10mm x 10mm hollow section.  
Before deriving any wand parameters, the accuracy of the motion capture system was 
confirmed through a series of static calibration tests. This was done by printing a series 
of 2.5cm squares, with a line thickness of 0.75pt, forming an overall grid area of 25cm x 
15cm on a sheet of A4 paper. This was taped flat to the laboratory floor and not moved 
during all tests and subsequent tests. The origin of the capture volume was set as if the 
A4 sheet was a forceplate and, as recommended by the manufacturer, the volume origin 
was set by aligning the L-frame wand and the edges of the forceplate, or grid area here, 
using right angled wedge against both L-wand arms fo the wand to minimise positional 
and orientation errors when defining the forceplate due to wand placement errors as 
shown in Figure 3.4. 
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Figure 3.4: Diagram showing the alignment of the wand edges and grid lines used to define the Vicon 
Nexus volume origin. Note: L-wand and grid are not to scale and asterisks represent the locations of 
markers on the grid. 
To confirm that the alignment and position of the volume origin matched that of the 
printed grid, the location of 10 optical markers, placed over specifically chosen grid 
coordinates, were measured to compare to values measured by the optical system. This 
was performed with 15mm and 10mm markers, giving a total of 20 measurements and 
found to have good accuracy, with mean RMS differences of the measured and grid 
positions noted as 0.7mm and 0.8mm for 15mm and 10mm diameter markers 
respectively. 
With the capture volume defined acceptably well, the true position of the nylon wand 
tip with respect to the coordinate frame defined by the three 15mm markers attached 
to the nylon wand was determined, shown in Figure 3.5. 
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Figure 3.5: Sketch of the nylon wand showing the optical marker positions, nylon wand coordinate 
frame axes and offsets from the “Origin” marker of the nylon wand to the tip. 
The true offsets of the nylon wand tip were calculated through a series of dynamic 
measurements. The point of the nylon wand was held at the (0,0) grid coordinate and 
moved in a hemi-spherical pattern, allowing for a sphere-fit of the marker coordinate 
clouds using a least squared approach10. Transformation of the sphere-fitted coordinate 
into the local wand coordinate frame gave a measure of where the nylon wand tip was 
in relation to each of the 3 markers on the nylon wand. This was performed 3 times, 
each time at the (0,0) grid coordinate, giving a total of 9 meaures of nylon wand tip 
offset. The means and standard deviations of the derived offsets are shown in Table 3.1. 
 
                                                          
10
 http://www.mathworks.co.uk/matlabcentral/fileexchange/34129-sphere-fit-least-squared, accessed 
01/07/2011. 
X 
Y 
Z 
Y 
X-offset 
Y-offset 
Z-offset 
Origin 
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 Mean [mm] Standard Dev. 
X-offset 7.5 0.9 
Y-offset -181.0 0.5 
Z-offset -16.2 0.9 
Table 3.1: Offsets used to define the wand tip calculated from sphere-fit measurements 
Static measures were made to confirm the nylon wand offsets by digitising three points 
on the paper grid using the nylon wand. This was performed 3 times at 3 different  grid 
points giving a total of 9 digitisations, resulting in a mean RMS difference of 1.8mm 
between grid coordinates and measured positions. 
3.6. Randomisation Algorithm 
Due to the multiple test conditions considered, the risk of some learning effect or 
fatigue occurring over the duration of the protocol was possible. For clarity, the data 
was grouped as follows for subsequent analysis: 
1. Barefoot 
a. Eccentric loading (knee straight and bent) 
b. Walking (level and inclined) 
2. In shoe with no wedges (subsequently referred to as “shod walking”) 
a. Eccentric loading (knee straight and bent) 
b. Walking (level and inclined) 
3. Both feet wedged (subsequently referred to as “wedged walking”) 
a. Walking (level and inclined) 
Testing order where learning effects could influence results included: 
a. the initial walking incline (level or inclined walking), 
b. the walking conditions (barefoot, shod or wedged walking), 
c. the initial task (walking or eccentric exercise), and 
d. the order of the eccentric exercise (knee straight or bent). 
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While complete randomisation of all test conditions would have minimised the risk of 
learning effects, the practicality of the protocol was also considered, so as to minimise 
experimental error. The following were deemed likely to potentially result in large errors 
in the data, and the approach to minimise the potential errors are stated.  
 Moving the forceplate repeatedly. Full randomisation of the testing order 
would have resulted in multiple changes to adjust the incline on the ramp, 
which has the potential to alter the frame and forceplate slightly each time 
compromising accuracy. In particular it would have resulted in erroneous 
forceplate CoP values, particularly influencing barefoot trials. Markings on 
the floor provided a visual guide as to where the brackets of the ramp should 
be and incline order was initially randomised, but then all tests were 
performed using an alternating pattern of incline. Therefore, subjects would 
walk in one of two patterns (“A” or “B”) of alternating incline: 
 
 
The “Task” referred to the 3 walking conditions that were tested, namely 
walking barefoot, shod walking and wedged walking. 
 Taking the foot out of the shoe repeatedly. The assumption made when 
spatially synchronising the pressure insole and global coordinate frames is 
that the insole did not move relative to the shoe. Grouping different walking 
conditions together helped minimise the number of times the foot was 
removed from the shoe. Therefore, for practical reasons, all barefoot trials 
were grouped together, all shod walking trials were grouped together and all 
wedged walking trials were grouped together. This avoided the risk of having 
a barefoot, level walking trials followed by inclined wedged walking trials, 
followed by level shod walking trials, for example. 
Task 2 
10° then Level 
Level then 10° 
Task 1 
Level then 10° 
10° then Level 
Task 3 
Level then 10° 
10° then Level 
 
A 
B 
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Bearing these practical considerations into account, the following algorithm was 
implemented to randomise the testing protocol. Each subject’s testing order was 
determined by 4 simulated coin tosses by use of the “randbetween(0,1)” function in 
Microsoft Excel (Microsoft Office 2007), where heads and tails were represented by 1 
and 0 respectively. This is summarised in Figure 3.6.  
  
Figure 3.6: Diagram illustrating the algorithm used to randomise testing order. Note: “H” and “T” 
represents a coin toss landing on heads and tails respectively and “WW” and “SW” are abbreviations for 
wedged walking and shod walking. 
The first two coin tosses determined the initial shoe condition (barefoot or in-shoe) and 
task (eccentric exercise or walking). As there was no randomisation for the order of the 
eccentric exercise, only the experimental order for walking conditions required 
randomisation. The third and fourth coin tosses determined the initial walking incline 
and walking condition respectively. 
3.7. Questionnaires 
Two questionnaires were used to determine cohort characteristics. The first was the 
VISA-A questionnaire by Robinson et al. (2001) (Appendix A). The VISA-A scores have 
been discussed in earlier chapters, but in summary, these scores aim to quantify the 
ability of people to function in both sporting and daily life capacities with Achilles 
tendon pain.   
Sporting commitments as well as any orthotic use or presence of symptoms and other 
epidemiological information was obtained through the supplementary questionnaire 
(Appendix B). 
Eccentric 
exercise H 
T Walking 
2nd Toss 
Initial task 
Barefoot 
In-shoe 
H 
T 
1st Toss 
Barefoot or In-shoe 
3rd and 4th Tosses 
Experimental order 
H 
T 
Level 
100 
H 
T 
WW 
SW 
H 
T 
WW 
SW 
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3.8. Subject Details 
A table of recorded information from the subject cohort are presented in Table 3.2. 
Additional information related to the cohort are that all subjects were right footed, had 
no symptoms of Achilles pain or injury at the time of testing and on average performed 
approximately 4 hours of sport per week. 
 
Subject detail Mean ± s.d. 
Age [years] 28±5 
Gender [M/F] 8/11 
Height [m] 1.68±0.09 
Mass [Kg] 64.9±13.0 
BMI [kg/m2] 22.7±2.8 
VISA-A score [/100] 96±6 
Shoe thickness (heel) 35±5 
Shoe thickness (met heads) 21±4 
Table 3.2: Subject details. Note: Shoe thicknesses were measured at the location of the centre of the heel 
and metatarsal heads with a tape measure with 1mm increments. 
3.9. Ethical Review 
Ethical approval for all studies presented in this thesis was given by the Imperial College 
Research Ethics Committee (Reference number ICREC_13_2_4), consisting of a review by 
the Joint Research Office for the questionnaires and experimental protocols stated 
above (Appendix C). 
3.10. Summary 
This chapter is the final chapter in the introductory section of this thesis. Descriptions of 
the hardware used to measure the motion and external loads of the subject as well as 
the custom made digitising wand used to locate the landmarks of the foot were made. 
The laboratory setups to perform the gait and eccentric heel-drop studies were also 
described along with the associated heel wedges and wooden steps for the respective 
studies. The following chapter assesses the effects of running shoes on lower limb 
mechanics and is the first of the results chapters in this thesis. 
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 Chapter 4:  
The Effect of Running Shoes on Lower Limb Mechanics 
4.1. Introduction 
It is the purpose of this chapter to present a dataset that can be implemented in the 
musculoskeletal model detailed in Chapter 2. This will allow for a more comprehensive 
comparison of lower limb loading when walking barefoot and in running shoes 
compared to previous studies assessing the impact of footwear on lower limb 
mechanics, as muscle and joint loading is presented in addition to the commonly 
reported inter-segmental loads. 
4.2. The Gait Cycle 
Walking is one of the most common activities of daily living performed by the majority 
of people on a daily basis. As such, injuries that affect an individual’s ability to walk can 
have a significant impact on their function in daily life. It is therefore not surprising that 
gait has become an increasingly commonly investigated activity, with gait analysis 
forming a significant aspect of many biomechanics laboratories. However, while gait 
analysis has not yet been clearly defined from a clinical service perspective, the 
approach has become widely-accepted and applied to healthy and pathological cohorts 
whereby an individual attends a laboratory equipped with the capacity to measure an 
individual’s motion and the external loading under their feet when walking across a 
defined area, often barefoot. Whilst walking barefoot eliminates experimental variability 
due to differences in footwear worn by the general public, shod or unshod walking is still 
a key issue in gait analysis, as shoes are most commonly used for walking. 
To avoid confusion regarding terms used in this thesis, a description of the gait cycle and 
definition of the terms used throughout are provided schematically in Figure 4.1. 
86 
 
Figure 4.1: Schematic of the gait cycle. Note: the time points of Heel-strike and Toe-off are used to define 
the start and end of stance phase
11
. 
The effects of footwear on foot and ankle kinematics and loading have been extensively 
discussed in Chapter 1 and will not be repeated here. However, while it was established 
that differences in external loads and foot and ankle kinematics exist between barefoot 
and different shoes during walking, the effect footwear has on more complex 
musculoskeletal outputs remains unclear. 
4.3. Methodology 
To assess the effect of running shoes on musculoskeletal outputs, 19 subjects (age 28 ± 5 
years, height = 1.68± 0.09 m, mass = 64.9±13.0 kg) were asked to walk barefoot and in 
their normal running shoes on a level walkway in the randomised order outlined in 
Chapter 3. 
To avoid repetition in subsequent chapters, the methodology of all gait studies are 
summarised graphically in Figure 4.2.  
 
                                                          
11
 Image adapted from Shamaei et al. (2013), accessed 03/04/2014 
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Figure 4.2: Summary of the methodology used in all gait studies presented in the thesis. Note: A step was 
considered clean if the plantar surface of the right foot or shoe remained entirely within the area of the forceplate for 
the duration of stance. 
In this and all subsequent chapters CoP values are presented normalised to “Foot 
length”, taken as the RMS distance from the calcaneus to the second metatarsal head 
and “Foot width” as the RMS distance between the first to fifth metatarsal head. All 
values of CoP are dimensionless and expressed in the hindfoot coordinate frame. 
For clarity, it should be highlighted that in this and all subsequent results chapters, 
tabulated changes that are statistically significant are presented with p-values in bold 
font. Results where 0.05 < p < 0.1 represent trend changes with p-values in plain font, 
and for p > 0.1, no values are presented. Where p-values are not presented, an asterisk 
denotes a statistically significant change. 
4.4. Results 
4.4.1. Spatio-Temporal Parameters 
The spatio-temporal parameters assessed included stance time (time between heel 
strike and toe-off), walking velocity (determined by the RMS distance and time between 
successive contra-lateral heel-strikes), % to 1st GRF peak (normalised time to reach the 
Chapter 4 Chapter 5 Chapter 6 Chapter 7 
Walking 
Conditions 
Barefoot vs. Shod 
Level 
Shod vs. Wedged 
     Level  Uphill         Downhill 
Collected 
Data 
Optical motion, forceplate and plantar pressure data were obtained until 4 
‘clean’ trials were obtained for each subject. 
Post-
processing 
Stance phase was determined by the GRF passing a threshold of 40N. All 
data was time-normalised to 101 frames, where 0% and 100% represent 
heel-strike and toe-off respectively. 
Statistical 
Analysis 
All data checked for normality using a Kolmogorov-Smirnov test and 
comparison of gait parameters was done using paired t-tests with the level 
of significance set at 0.05. 
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first ground reaction peak) and rate of force development (ROFD) (the magnitude of the 
1st GRF peak, measured in body weight, divided by the time to reach the first peak). 
Stance time and the first GRF peak were significantly increased during shod walking 
(Table 4.1). 
 Barefoot Shod p-value 
Stance time [s] 0.64±0.08 0.69±0.08 0.006 
Velocity [m/s] 1.18±0.18 1.24±0.20 - 
First GRF peak [BW] 1.08±0.09 1.12±0.08 0.028 
Time to peak 1 [% stance] 24±3 26±4 - 
Second GRF peak [BW] 1.14±0.08 1.13±0.08 - 
Time to peak 2 [% stance] 79±2 79±2 - 
ROFD [BW/s] 8.45±2.33 7.45±2.45 - 
Table 4.1: Summary of the spatio-temporal and GRF parameters for barefoot and shod level walking. 
Note: All values are presented as mean ± 1 standard deviation (s.d). 
There was also a significant increase in step length (determined by the RMS distance 
between successive contra-lateral heel-strikes) during shod compared to barefoot 
walking (1.30±0.12 m vs. 1.38±0.15 m, p = 0.004). 
4.4.2. External Loads 
The external ground reaction force (GRF) for the group was found to be largely similar, 
with only the 1st peak of the vertical component of the ground reaction force being 
significantly reduced during shod walking (Table 4.1 and Figure 4.2).  
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Figure 4.3: Barefoot and shod walking GRFs during level walking. Note: Black and grey lines correspond 
to shod and barefoot walking respectively. Positive Fx, Fy and Fz refer to the anterior, lateral and vertical 
directions respectively. * denotes difference in force magnitude was statistically different. 
Forceplate measures of the Centre of pressure (CoP) showed considerable differences 
between barefoot and shod walking (Figure 4.3 and Table 4.3). The most posterior and 
anterior points of the CoP were found to be significantly further from the ankle during 
shod walking and overall CoP travel for each step was found to increase during shod 
walking. 
 Barefoot Shod p-value 
Most Posterior CoP -0.21±0.07 -0.31±0.09 0.004 
Most Anterior CoP 0.87±0.09 0.98±0.05 <0.001 
CoP travel per step 1.07±0.10 1.23±0.09 <0.001 
Table 4.2: Comparison of CoP measurements during barefoot and shod level walking. Note: values are 
displayed as mean ± s.d. and normalised to foot length as defined in the methodology. 
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Figure 4.4: Barefoot (red line) and shod (black line) CoPs during level walking. Note: Positive values of 
foot width and foot length are anterior and lateral respectively. 
4.4.3. Kinematics 
Kinematics of the hip, knee, ankle and MTP are shown with rotations about the y-axis of 
all segments (superior-inferior axis) omitted for clarity. It should be noted that statistical 
comparisons have been restricted to flexion-extension kinematics (except for ankle), as 
this is of most relevance to this thesis. A comparative summary of the flexion extension 
angles for each walking condition is provided in Table 4.3. 
 
Angle [°] Hip Knee Ankle MTP 
Time-point Bare Shod Bare Shod Bare Shod Bare Shod 
ROM 43.8 45.6 32.5* 40.9* 20.0 21.5 32.8* 17.7* 
HS 32.2 34.1 -9.0* -4.3* -7.7 -10.8 16.8 20.3 
WA - - -18.0 -17.1 -10.7* -17.2* 4.6* 17.5* 
PO -11.4 -11.3 -6.3 -5.9 5.2* -0.5* - - 
TO -3.4* -0.6* -37.5* -43.4* -13.7* -21.2* 36.3 33.5 
Table 4.3: Comparison of joint flexion/extension angles at different phases of stance for barefoot and 
shod level walking. Note: * denotes significance at p = 0.05, HS – Heel-strike, WA – Weight-acceptance, PO 
– Push-off, TO – Toe-off. 
Hip joint motion was unaffected by the introduction of running shoes during gait, with 
angles at heel strike, push off and overall range of motion (ROM) remaining within 2.0° 
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between conditions (Figure 4.4A). Hip extension was significantly reduced at toe-off 
during shod walking (p = 0.03). 
Knee joint motion showed significantly increased ROM during shod walking (p < 0.001) 
(Figure 4.4B). This was due to an increase in knee extension at heel strike (p < 0.001) and 
greater knee flexion at toe-off (p < 0.001) during shod walking. At initial weight 
acceptance and push-off, knee flexion was not significantly different for barefoot and 
shod walking (p > 0.1 for both). 
Ankle joint motion showed similar patterns and ROM for barefoot and shod walking, but 
with the ankle joint functioning in a more plantarflexed position during shod walking 
(Figure 4.4C). During stance the ankle joint presented with greater plantarflexion by 3.1°, 
7.2°, 5.7° and 7.5° at the 4 time points considered during shod compared to barefoot 
walking, with the decrease at the 3 time points after heel-strike reaching statistical 
significance (all p < 0.001). 
The MTP joint motion was found to be significantly affected by running shoes, with a 
15.1° difference in ROM between conditions (p < 0.001) and a 12.9° reduction in flexion 
angle when barefoot (p < 0.001) (Figure 4.4D). 
 
 Inversion Angle [°] 
Time-point Bare Shod p-value 
ROM 13.9 13.8 - 
HS 3.5 3.8 - 
MS -3.7 -7.0 0.092 
TO 10.2 5.8 0.044 
Table 4.4: Peak ankle inversion-eversion angles during barefoot (“Bare”) and shod level walking. Note: 
ROM – range of motion, HS – Heel-strike, MS – Mid-stance, TO – Toe-off. 
Only the inversion angle at toe-off was significantly affected by shoes, with a reduction 
in inversion angle during shod walking (Table 4.4). The increase in peak eversion angle 
during mid-stance approached statistical significance. 
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Figure 4.5: Angles of the Hip (A), Knee (B), Ankle (C) and MTP (D) joints during barefoot and shod level 
walking conditions. Note: Solid and dashed lines represent rotation about medial and anterior pointing 
axes respectively. Black and grey lines represent shod and barefoot walking respectively. * denotes angles 
were statistically different. 
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4.4.4. Inter-segmental Moments 
Note: Hip and knee moments are expressed as those being exerted on the joint due to 
the GRF. Ankle and MTP inter-segmental moments are the reaction moments provided 
by muscles to counteract the external moment due to the GRF. Inter-segmental moments 
are normalised to body weight and height (ht). 
Only the first hip adduction moment peak was affected by shoes compared to barefoot, 
with an increase in moment when shod (Table 4.5 and Figure 4.5). Knee moment was 
significantly increased at heel-strike when shod and first knee adduction moment peak 
was increased when shod compared to barefoot. Additionally, peak moment at weight-
acceptance was significantly delayed when shod and the delay at push-off approached 
significance. 
Peak ankle moment was only affected at heel strike, with an increase in peak 
dorsiflexion moment during shod walking. Time to peak dorsiflexion and inversion 
moments were significantly delayed during shod walking. 
 Peak Moment [Nm/(BW*ht)] Time to peak [% stance] 
Joint Time-point Barefoot Shod p-value Barefoot Shod p-value 
Hip 
HS 0.70±0.30 0.80±0.35 - 6±7 5±4 - 
PO -0.91±0.33 -0.71±0.41 - 82±2 82±2 - 
1
st
 Add 0.73±0.14 0.79±0.12 0.005 28±5 27±5 - 
2
nd
 Add 0.77±0.12 0.78±0.16 - 78±4 78±2 - 
Knee 
HS 0.11±0.09 0.24±0.12 0.002 2±1 2±1 - 
WA -0.29±0.12 -0.31±0.11 - 22±4 26±3 0.009 
PO 0.08±0.08 0.10±0.08 - 67±4 68±5 - 
TO -0.16±0.13 -0.13±0.10 - 91±1 91±0 0.06 
1
st
 Add 0.19±0.07 0.22±0.07 0.02 27±7 25±4 - 
2
nd
 Add 0.18±0.06 0.20±0.09 - 80±8 77±7 - 
Ankle 
HS 0.11±0.04 0.15±0.05 0.001 6±3 11±2 <0.001 
PO -0.71±0.09 -0.74±0.12 - 79±2 80±1 - 
Inv 0.10±0.03 0.10±0.04 - 35±20 50±23 0.04 
Table 4.5: Inter-segmental moments during barefoot and shod level walking. Note: HS – Heel-strike, WA 
– Weight-acceptance, PO – Push-off, TO – Toe-off, 1
st
 Add – First adduction moment peak, 2
nd
 Add – 
Second adduction moment peak, Inv – Inversion moment peak. 
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 Figure 4.6: Hip (A), Knee (B) and Ankle (C) inter-segmental moments during barefoot and shod level 
walking. Note: Solid and dashed lines represent flexion/extension and abduction/adduction moments 
respectively. Positive values represent extension and adduction for the hip and knee and dorsiflexion and 
inversion for the ankle. Black and grey lines correspond to shod and barefoot walking respectively. * and † 
denotes magnitude of and time to peak moment respectively were statistically different. HS – Heel-strike, 
WA – Weight-acceptance, PO – Push-off, TO – Toe-off 
4.4.5. Joint Powers 
During the first half of stance there was a delay in peak hip power absorption during 
shod walking (15±12 vs. 24±15 % stance, p = 0.03) (Figure 4.6). During the second half of 
* 
* 
† 
* 
*† 
HS WA PO TO 
A) 
B) 
† 
C) 
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stance, peak hip power absorption increased significantly during shod walking (-
0.59±0.15 vs. -0.85±0.23 W/kg, p < 0.001).  
The first half of stance during shod walking showed increased peak knee power 
generation (0.43±0.26 vs. 0.66±0.40 W/kg, p = 0.01) and an earlier occurrence of this 
peak (17±17 vs. 6±10 % stance, p = 0.03). The delay at which peak power absorption 
occurred during shod walking approached significance (13±9 vs. 18±3 % stance, p = 
0.0503). During the second half of stance, only peak power generation was affected 
during shod walking, with an increase in (0.21±0.21 vs. 0.33±0.33 W/kg, p = 0.03) and 
delay to peak power generation (69±13 vs. 79±14 % stance, p = 0.05).  
No changes in the magnitude of or time to peak ankle power generation or absorption 
was significantly affected by shoes (p > 0.1 for all)  
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Figure 4.7: Joint powers of hip (A), knee (B) and ankle (C) during barefoot and shod level walking. Note: 
Positive values correspond to power generation and negative values to power absorption. * and † denote 
magnitude of and time to peak power respectively were statistically different. 
4.4.6. Muscle and Joint Reaction Forces 
Individual muscle, overall Achilles tendon and ankle joint reaction forces during barefoot 
and shod level walking are summarised in Table 4.6 and Figure 4.7. 
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 Peak Force [BW] Time to peak [% stance] 
 Muscle Barefoot Shod p-value Barefoot Shod p-value 
Triceps Surae 
SolMed 1.28±0.32 1.17±0.32 0.010 76±4 76±4 - 
SolLat 0.59±0.28 0.54±0.32 - 86±5 82±3 - 
GastMed 0.70±0.16 0.66±0.18 - 76±5 76±4 - 
GastLat 0.21±0.06 0.19±0.07 - 81±5 85±5 - 
Achilles 2.65±0.45 2.39±0.60 0.015 80±1 80±1 - 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.32±0.16 0.40±0.23 - 3±3 9±3 <0.001 
PeroT 0.08±0.04 0.14±0.06 <0.001 5±4 10±2 <0.001 
TibAnt 0.50±0.16 0.74±0.27 <0.001 9±11 11±2 - 
TibPost 0.40±0.12 0.36±0.14 - 45±10 48±8 - 
Invertor/ 
Evertors 
2
nd
 half of 
stance 
PeroB/L 0.07±0.10 0.11±0.18 - 97±7 95±8 - 
PeroT 0.01±0.01 0.01±0.01 - 99±6 97±7 - 
TibAnt 0.36±0.17 0.38±0.19 - 68±9 71±7 - 
TibPost 0.60±0.24 0.60±0.29 - 70±8 72±6 0.10 
Toes 
EDL 0.08±0.03 0.13±0.06 <0.001 5±3 10±2 <0.001 
EHL 0.08±0.03 0.13±0.06 <0.001 5±3 10±2 <0.001 
FDL 0.04±0.02 0.05±0.02 - 70±11 73±6 - 
FHL 0.45±0.25 0.47±0.24 - 73±6 73±6 - 
Ankle JRF  4.95±0.89 4.79±1.05 - 76±4 78±2 - 
Table 4.6: Comparison of muscle and joint forces during barefoot and shod level walking. Note: values 
are presented as mean ± s.d and only p-values < 0.1 are presented for clarity. 
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Figure 4.8: Triceps (A), Invertor/Evertor (B) and Toe (C) muscle forces derived during shod and barefoot 
level walking. Note: Solid and dashed lines represent shod and barefoot walking respectively. *and † 
denotes magnitude of and time to peak force respectively were statistically different. 
Walking in shoes resulted in a decrease in the overall estimated peak Achilles tendon 
load compared to barefoot walking (Table 4.6 and Figure 4.8). There was no change in 
the time to peak Achilles tendon force with the introduction of shoes. 
99 
 
 
Figure 4.9: Overall Achilles load during level walking when shod or barefoot. Note: Solid and dashed lines 
represent shod and barefoot walking respectively, error bars represent 1 s.d. and * denotes magnitude of 
force was significantly different. 
Only the medial portion of the Soleus showed significant decrease in peak load. No 
significant changes in any of the estimated peak triceps muscle loads or time to peak 
loads were observed when wearing shoes. 
During the first half of stance a significant increase in peak force was observed for 
Peroneus Tertius and Tibialis Anterior during shod walking. The time to peak force was 
also delayed for Peroneus Brevis/Longus and Tertius. During the second half of stance, 
no statistically significant changes were observed in either magnitude or time to peak 
muscle force for Peroneus Brevis/Longus, Peroneus Tertius, Tibialis Anterior or Tibialis 
Posterior. 
Toe extensor muscles showed a significant delay in time to the peak force during shod 
walking. Additionally, the magnitude of peak toe extensor force increased during shod 
walking. However, the magnitude and time to peak toe flexor forces were not 
significantly different during shod walking. 
  
Magnitude and time to peak ankle joint reaction force was not affected by shoes (Table 
4.6 and Figure 4.9). 
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Figure 4.10: Ankle joint reaction forces during shod and barefoot level walking. Note: Solid and dashed 
lines represent shod and barefoot walking respectively. 
4.5. Summary 
The purpose of this chapter was to investigate the effect of running shoes on 
musculoskeletal outputs during level walking. The focus on this chapter has clinical 
relevance, so to avoid erroneous conclusions being drawn due to multiple measurement 
systems, the GRF and CoP measures from the forceplate were used as inputs for both 
barefoot and in-shoe datasets. 
A longer stance phase and increased step length were observed during shod walking. An 
increase in first GRF peak was the only change in external loading during shod walking. 
However, while the force vector may have been largely unaffected, the CoP was 
substantially affected by the use of shoes, with shod walking showing increases in the 
most posterior and anterior points overall, as well as an increase in CoP travel during 
each step. 
The hip appeared more extended during barefoot walking, with the greater extension 
only being significant at toe-off.  In contrast, the knee showed a more dynamic 
behaviour during shod walking, with increased flexion at heel-strike and greater 
extension at toe-off reflected in the overall increase in ROM. The MTP and ankle showed 
large angular differences at the different phases of stance between barefoot and shod 
walking (Figure 4.10). Most notable are the significant reductions in MTP flexion angle 
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and the generally more plantarflexed ankle during shod walking, with significant changes 
during latter phases of stance. A reduction in inversion angle was observed at toe-off 
only during shod walking. 
 
Figure 4.11: Illustration of barefoot and shod ankle kinematic changes at WA (left), PO (middle) and TO 
(right). Note: Solid and dashed lines represent shod and barefoot respectively. * denotes statistically 
significant differences in angle at the joint specified. 
There was a tendency for greater loading to be exerted on the hip during shod walking, 
with increased peak extension at heel strike and peak flexion at push-off. These may 
arise from the more posterior and anterior CoP at heel strike and push-off respectively. 
However, only the increase in first peak of hip adduction moment during shod walking 
was significant. 
Knee moments were not substantially different during mid-stance, but during early and 
late stance, significant changes were observed. Greater braking at heel-strike and 
marginally greater and later extension moment at weight-acceptance and greater flexion 
during push-off, coupled with the increased walking speed may suggest the knee is 
working harder to propel the body at the increased pace seen during shod walking. 
Ankle loading was affected by shoes during the early phases of stance, with an increased 
and delayed peak dorsiflexion moment during shod walking. Additionally, peak inversion 
moment decreased during shod walking. Peak ankle joint reaction force was unaffected, 
but the more gradual increase in barefoot ankle reaction force compared to the more 
rapidly increasing shod ankle reaction force was observed. 
* * 
* 
* 
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Interestingly, a decrease in overall predicted Achilles tendon force was observed, but 
within the triceps, only the medial portion of Soleus showed a significant reduction. 
Similarly, the inv/evertor muscles of the ankle were largely unaffected by shoes, with 
changes only occurring during the first half of stance to Peroneus Brevis/Longus and 
Tibialis Anterior. Only toe extensor muscles showed any changes in loading, with an 
increased and delayed peak force during shod walking. 
In summary, this chapter aimed to quantify the differences in lower limb loading 
between barefoot and shod level walking. Kinematic changes due to the introduction of 
shoes were present at all time points considered, with observed differences in knee 
angle at heel-strike, before changes in ankle, MTP and hip angles from mid-stance till 
toe-off. Changes in joint moments and muscle forces were also observed, with the hip, 
knee and ankle all braking more during shod walking, reflected by the increases in peak 
ankle dorsiflexor muscle loads. During the latter phases of stance, joint moments were 
largely unaffected by shoes, but small decreases in triceps muscle forces resulted in a 
reduction in peak overall Achilles tendon load during shod walking. This has clinical 
relevance, as altering tendon load during walking by wearing running shoes may help 
alleviate tendon pain in patients with Achilles injuries.  
103 
 
Chapter 5: 
The Effect of Heel Wedges on Lower Limb Mechanics 
During Level Walking 
5.1. Introduction 
The use of non-invasive approaches to treat musculoskeletal pathologies is not 
uncommon. Due to its association with osteoarthritis, the knee adduction moment has 
been the recent target of a variety of devices and orthotics that aimed to alter the 
mechanical loading of the knee, with several studies showing positive effects of using 
foot orthotics on knee adduction moment (Erhart, et al., 2010) and tibio-femoral load 
(Kutzner et al., 2011). However, the review by Reilly et al. (2006) concluded that the use 
of lateral wedges as a conservative treatment for knee arthritis was “not supported by 
the available literature and the biomechanics of the foot and ankle during gait appear 
not to have been considered in the current body of research”. 
However, while the use of orthotics has been focussed on influencing the out of plane 
moments at the knee, their effect on the ankle is often not reported. With wedges being 
able to alter loading at the knee, it is not unreasonable to hypothesise that a similar 
approach could alter the loading at the ankle, and indeed, this is the basis by which heel 
wedges are thought to operate during walking. 
The previous chapter showed that differences exist at different levels of musculoskeletal 
model outputs, from the CoP of the GRF to the predicted muscle forces. However, there 
have been no studies investigating the effect of heel wedging on Achilles tendon load 
during gait. 
It is the purpose of this, and the subsequent two chapters to present a dataset of shod 
and wedged walking musculoskeletal model outputs during level, uphill and downhill 
walking respectively. Subjects walked with bilateral heel wedging in their running shoes 
on the same level walkway as described in Chapter 3. This allowed for a comparison of 
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lower limb loading, particularly Achilles tendon forces, when walking with and without 
heel wedges. 
5.2. Methodology 
To assess the effect of a pair of commercially available heel wedges on musculoskeletal 
outputs, the same subject cohort detailed in the previous chapter were asked to walk in 
their normal running shoes with bilateral heel wedges, over a level instrumented 
walkway. 
5.2.1. Description of the Heel wedges 
A pair of Elevator Proheel™ wedges were used by all subjects (Talar Made Orthotics Ltd, 
Springwood House, Foxwood Way, Chesterfield, Derbyshire, England) (Figure 5.1). The 
wedges are made from medium density ethylene vinyl acetate (EVA) foam and are 
designed to mould to the rearfoot and elevate the heel, with the aim of being used as a 
tendonitis treatment. Wedges were available for UK shoe sizes 2-5; 6-9 and 9.5-12.5 and 
all wedges had a 12mm rise from the front edge of the wedge to approximately where 
the centre of the heel would be. Subjects were fitted with wedges corresponding to 
their running shoe size. 
 
Figure 5.1: Image of the type of heel wedge used by all subjects 
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5.3. Results 
5.3.1. Spatio-Temporal Parameters 
No difference between shod and wedged walking for any of the parameters considered 
here reached statistical significance (Table 5.1). 
 
 Shod Wedged p-value 
Stance time [s] 0.69 ± 0.08 0.70 ± 0.07 - 
Velocity [m/s] 1.24 ± 0.20 1.21 ± 0.20 - 
First GRF Peak [BW] 1.12 ± 0.08 1.12 ± 0.08 - 
Time to peak 1 [%stance] 26 ± 4 27 ± 3 - 
Second GRF Peak [BW] 1.13 ± 0.08 1.12 ± 0.09 - 
Time to peak 2 [%stance] 79 ± 2 80 ± 2 - 
ROFD [BW/s] 7.45 ± 2.50 6.78 ± 1.48 - 
Table 5.1: Summary of the spatio-temporal and GRF parameters for shod and wedged level walking. 
Note: All values are presented as mean ± s.d. 
5.3.2. External Loads 
The external ground reaction force (GRF) for the group was found to be the same 
between shod and wedged walking (Figure 5.2), with no differences in magnitude or 
time to peak GRF reaching statistical significance. 
 
Figure 5.2: Shod and wedged level walking GRFs. Note: Positive Fx, Fy and Fz refer to the anterior, lateral 
and vertical directions respectively. Black and grey lines correspond to shod and wedged walking 
respectively. 
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Figure 5.3: Hindfoot loads during shod and wedged level walking. Note: Positive Fx, Fy and Fz refer to the 
anterior, lateral and vertical directions respectively. Black and grey lines correspond to shod and wedged 
walking respectively, † denotes a statistically significant delay to peak force. 
Hindfoot force was largely unaffected by wedges during level walking (p > 0.1 for 
magnitude of the first and second force peaks), with only the time to the second peak 
being significantly delayed during wedged walking (73±7 vs. 77±3 % stance, p = 0.026) 
(Figure 5.3). 
Toe segment loading was not affected by heel wedges (p > 0.1) during wedged walking 
(Figure 5.4).  
 
Figure 5.4: Toe segment loads during shod and wedged level walking. Note: Positive Fx, Fy and Fz refer to 
the anterior, lateral and vertical directions respectively. Black and grey lines correspond to shod and 
wedged walking respectively. 
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The CoP trace for both shod and wedged walking can be seen in Figure 5.5. No changes 
in any of the derived measures of CoP were statistically significant (Table 5.2). 
 Shod Wedged p-value 
Most Posterior CoP 0.01±0.07 -0.01±0.08 - 
Most Anterior CoP 0.66±0.07 0.63±0.07 - 
CoP travel per step 0.65±0.09 0.64±0.10 - 
Table 5.2: Comparison of CoP measurements during shod and wedged level walking. Note: values are 
displayed as mean ± s.d. and normalised to foot length. 
 
Figure 5.5: Cohort average shod (black line) and wedged (red line) level walking CoPs in the hindfoot 
coordinate frame. Note: Positive values of foot width and foot length are anterior and lateral respectively. 
5.3.3. Kinematics 
Kinematics of the hip, knee, ankle and MTP are shown in Figure 5.6 with rotations about 
the long axis of all segments (superior-inferior axis) omitted for clarity. A comparative 
summary of the flexion extension angles for each walking condition is provided in Table 
5.3. 
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Angle [°] Hip Knee Ankle MTP 
Time-point Shod Wedged Shod Wedged Shod Wedged Shod Wedged 
ROM 45.6 44.4 40.9 42.0 21.5 21.8 17.7* 15.4* 
HS 34.1 33.4 -4.3 -2.9 -10.8 -13.1 20.2 22.5 
WA - - -17.1 -17.4 -17.2 -20.7 - - 
PO -11.3 -10.7 -5.9 -7.7 -0.5 -0.6 17.5 17.7 
TO -0.6 -0.5 -43.4 -44.1 -21.2 -19.5 33.5 31.8 
Table 5.3: Comparison of joint flexion/extension angles at different phases of stance for shod and 
wedged level walking. Note: * denotes significance at p = 0.05, HS – Heel-strike, WA – Weight-acceptance, 
PO – Push-off, TO – Toe-off. 
Hip joint motion was unaffected by the wedges, with angles at heel strike, push off and 
toe-off, as well as overall range of motion (ROM) being within 1.2° between conditions 
(p > 0.1 for all angles) (Figure 5.6A). 
Similarly, knee joint motion was not significantly affected by the heel wedges (Figure 
5.6B), with heel strike, push off and toe-off, as well as overall range of motion (ROM) 
remaining within 1.8° between conditions (p > 0.1 for all angles). 
Ankle joint motion showed similar patterns and ROM for shod and wedged walking 
(Figure 5.6C). Only the increased plantarflexion at weight-acceptance during wedged 
walking approached significance (p = 0.058).  
The MTP joint demonstrated reduced flexion ROM during wedged walking compared to 
shod (p = 0.048) (Figure 5.6D).  
 
 Inversion Angle [°] 
Time-point Shod Wedged p-value 
ROM 13.8 13.3 - 
HS 3.8 6.3 - 
MS -7.0 -5.5 - 
TO 5.8 5.4 - 
Table 5.4: Peak ankle inversion-eversion angles during shod and wedged level walking. Note: HS – Heel-
strike, MS – Mid-stance, TO – Toe-off. 
No changes in ankle inversion-eversion kinematics were observed due to the heel 
wedges during level walking (p > 0.1 for all time points considered) (Table 5.4). 
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Figure 5.6: Angles of the Hip (A), Knee (B), Ankle (C) and MTP (D) joints during shod and wedged level 
walking. Note: Solid and dashed lines represent rotation about medial and anterior pointing axes 
respectively. Black and grey lines represent shod and wedged walking respectively. 
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5.3.4. Inter-segmental Moments 
The only change in hip loading due to wedges was a delay to peak extension moment at 
heel-strike (Table 5.5 and Figure 5.7). Knee extension moment at push-off was 
significantly affected by heel wedges, with wedged walking resulting in a flexion 
moment being applied to the knee compared to an extension moment.  
Time to peak dorsiflexion and plantarflexion moments were significantly delayed during 
wedged walking. The increase in peak ankle dorsiflexion moment and reduction in peak 
inversion moment were approaching statistical significance.  
 Peak Moment [Nm/(BW*ht)] Time to peak [% stance] 
Joint Time-point Shod Wedged p-value Shod Wedged p-value 
Hip 
HS 0.89±0.38 0.84±0.32 - 6±4 9±5 0.07 
PO -0.70±0.44 -0.77±0.19 - 83±2 82±2 - 
1
st
 Add 0.81±0.14 0.80±0.11 - 26±6 28±5 - 
2
nd
 Add 0.75±0.10 0.72±0.12 - 77±2 77±3 - 
Knee 
HS 0.30±0.14 0.27±0.08 - 3±2 3±1 - 
WA -0.31±0.12 -0.34±0.14 - 26±4 28±4 - 
PO 0.10±0.11 -0.00±0.12 0.016 70±5 71±9 - 
TO -0.16±0.12 -0.19±0.12 - 91±2 91±1 - 
1
st
 Add 0.24±0.08 0.24±0.07 - 25±5 27±5 - 
2
nd
 Add 0.19±0.06 0.18±0.07 - 75±6 75±7 - 
Ankle 
HS 0.10±0.05 0.14±0.08 0.058 16±4 18±2 0.04 
PO -0.76±0.11 -0.68±0.10 0.08 80±1 81±1 0.001 
Inv 0.08±0.04 0.06±0.05 0.06 42±24 46±28 - 
MTP PO -0.09±0.03 -0.08±0.03 - 84±2 85±1 - 
Table 5.5: Inter-segmental moments during shod and wedged level walking. Note: * denotes significance 
at p = 0.05, HS – Heel-strike, WA – Weight-acceptance, PO – Push-off, TO – Toe-off, 1
st
 Add – First 
adduction moment peak, 2
nd
 Add – Second adduction moment peak, Inv – Inversion moment peak. 
111 
 
 
Figure 5.7: Hip (A), Knee (B), Ankle (C) and MTP (D) inter-segmental moments during shod (black) and 
wedged (grey) level walking. Note: Solid and dashed lines represent extension and adduction moments 
respectively. Positive values represent extension and adduction for the hip and knee and dorsiflexion and 
inversion for the ankle. * and † denotes magnitude and time to peak moment were statistically different. 
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5.3.5. Joint Powers 
No changes in any joint’s peak power generation or absorption during either the first or 
second half of stance reached statistical significance (Figure 5.8). However, time to peak 
hip and knee power absorption were significantly delayed during the first half of stance 
when walking with wedges (26±17 vs. 37±15 % stance, p = 0.032 and 18±2 vs. 21±5 % 
stance, p = 0.024 respectively). 
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Figure 5.8: Hip (A), Knee (B), Ankle (C) and MTP (D) joint powers during shod (solid line) and wedged 
(dashed line) level walking. Note: Positive values correspond to power generation and negative values to 
power absorption. † denotes significant change in time to peak power. 
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5.3.6. Muscle and Joint Forces 
Individual muscle, overall Achilles tendon and ankle joint reaction forces during shod 
and wedged level walking are summarised in Table 5.6 and Figure 5.9. 
  Peak Force [BW] Time to peak [% stance] 
 Muscle Shod Wedged p-value Shod Wedged p-value 
Triceps Surae 
SolMed 1.16±0.27 1.03±0.29 - 78±1 80±2 0.003 
SolLat 0.55±0.33 0.59±0.34 - 81±3 85±2 - 
GastMed 0.66±0.16 0.59±0.16 - 78±1 80±2 0.005 
GastLat 0.20±0.07 0.20±0.06 - 81±3 82±1 - 
Achilles 2.47±0.61 2.33±0.59 - 80±1 81±1 <0.001 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.29±0.27 0.61±0.45 0.027 19±8 21±9 - 
PeroT 0.09±0.06 0.15±0.09 0.035 17±2 18±2 - 
TibAnt 0.53±0.22 0.79±0.37 0.030 17±3 19±1 0.058 
TibPost 0.31±0.13 0.20±0.16 0.029 44±11 42±16 - 
Invertor/ 
Evertors 
(2
nd
 half of 
stance) 
PeroB/L 0.06±0.10 0.11±0.13 - 94±8 90±13 - 
PeroT 0.00±0.01 0.01±0.01 - 96±7 87±18 0.090 
TibAnt 0.33±0.15 0.26±0.16 - 76±7 74±11 - 
TibPost 0.53±0.23 0.41±0.26 0.095 74±3 75±5 - 
Toes 
EDL 0.09±0.06 0.15±0.09 0.036 17±3 18±2 - 
EHL 0.08±0.05 0.14±0.08 0.032 16±2 18±2 0.018 
FDL 0.04±0.02 0.03±0.02 0.058 74±3 77±3 0.009 
FHL 0.42±0.18 0.31±0.18 0.064 75±3 77±3 0.009 
Ankle JRF  4.69±0.83 4.28±0.85 - 78±1 80±2 0.006 
Table 5.6: Comparison of muscle and joint forces during shod and wedged level walking. Note: values 
are presented as mean ± s.d and only p-values < 0.1 are presented for clarity. 
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Figure 5.9: Triceps (A), Invertor/Evertor (B) and Toe (C) muscle forces derived during shod and wedged 
level walking. Note: Solid and dashed lines represent shod and wedged walking respectively. * and † 
denotes magnitude and time to peak force respectively were statistically different. 
Predicted peak Achilles tendon load was not significantly lower during wedged walking 
compared to shod walking (Table 5.6 and Figure 5.10). However, there was a significant 
delay in when peak Achilles force occurred. 
 
† 
† 
* 
* 
* 
* 
*† 
† 
† 
A) 
B) 
C) 
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Figure 5.10: Overall Achilles load during shod and wedged level walking. Note: Solid and dashed lines 
represent shod and wedged walking respectively. † denotes time to peak force was statistically different. 
Only the medial portion of Gastrocnemius and Soleus showed a delay to peak force 
during wedged walking. No changes in peak triceps force were statistically significant. 
During the first half of stance, an increase in inv/evertor muscle activity was observed 
during wedged walking, with Peroneus Brevis, Longus, Tertius and Tibialis Anterior and 
Posterior all showing significant increases in magnitude of peak force during the first half 
of stance.  
A significant increase in toe extensor muscle force was observed with wedges. However, 
only EHL showed a significant delay in time to peak force. Toe flexor muscles did show a 
reduction in load with wedges, but did not reach statistical significance. However peak 
toe flexor force occurred later for both FDL and FHL. 
Magnitude of peak joint reaction force was unaffected by wedges during level walking. 
However, peak joint reaction force did occur later during wedged walking (Table 5.6 and 
Figure 5.11). 
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Figure 5.11: Ankle joint reaction forces derived during shod (solid line) and wedged (dashed line) level 
walking. Note: † denotes time to peak force was statistically different. 
5.4. Summary 
The purpose of this chapter was to quantify the effect heel wedges have on 
musculoskeletal model outputs, particularly Achilles tendon force. Heel wedges were 
found to alter the mechanics of the limb at multiple joints and for this reason this 
summary has grouped the kinematic and inter-segmental moment results together at a 
joint level, rather than at the different modelling stages. 
A lack of any significant differences in the external GRF, CoP or spatio-temporal 
measures suggests the introduction of heel wedges in the shoe did not alter the overall 
dynamics of an individual’s ability to walk. However, the lower ROFD during wedged 
walking points to a more gradual loading of the leg during wedged walking which in turn 
could suggest a more cautious gait style during wedged walking.  
As expected, the hip showed the least signs of change due to heel wedges, with no 
relevant differences in flexion or abduction angles or inter-segmental moments during 
wedged walking. The lack of change in hip angles and moments is important as it 
suggests the influence of the heel wedges is focussed at the ankle and knee. 
As expected, the kinematic changes observed at the knee were small. The clearest 
observation was that during wedged walking, individuals walked with a consistently 
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more flexed knee throughout stance. However, this is speculated to be due to the raised 
heel causing greater knee flexion, given the negligible changes in hip angle. However, 
the inter-segmental moments showed that despite the relatively unaltered joint angles, 
the joint moments were affected by heel wedges. The increased knee flexion observed 
resulted in a constant flexion moment being applied to the knee throughout the bulk of 
stance phase (20-80%) during wedged walking.  
A significant difference in MTP ROM was found, due to the decreased flexion angles at 
heel-strike and toe-off during wedged walking. Additionally, smaller flexion moments 
were exerted on the toes, with a reduction in peak moment occurring at the same time 
during wedged walking. 
At the ankle, kinematic changes were expected and observed primarily at the earlier 
phases of stance for ankle angles, with almost no differences in kinematics during push-
off, where Achilles load is expected to be highest. These are likely explained by the 
generally more posterior and medial CoP during wedged walking, corresponding to the 
increased dorsiflexion moments during the early stance phases and the reduced 
plantarflexion and inversion moments throughout stance. While all three peak moments 
considered were not statistically significant, the results here may have some clinical 
relevance, as this reduction in peak plantarflexion moment would likely be closely 
correlated to any reductions in Achilles loading. Additionally, the delay in time to peak 
plantarflexion moment during wedged walking follows the delay in time to the second 
GRF peak. No changes in ankle joint reaction forces were observed due to wedges, but it 
should be noted that peak reaction force for three subjects was during the braking 
phase of gait due to the dorsiflexion muscles and first GRF peak, which resulted in the 
large standard deviations in mean time to peak force. 
The key parameter of interest here was the Achilles force and no reduction in overall 
Achilles tendon force was observed during wedged walking. However, a delay in when 
medial triceps force occurred was observed during wedged walking. Invertor muscles of 
the ankle (Tibialis Anterior and Posterior) showed a decrease in force during the second 
half of stance during wedged walking. The main finding for the toe muscles was the 
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significant increase in peak toe extensor forces and dorsi-flexors of the ankle during 
early stance phase, perhaps due to the increased dorsiflexion moment observed during 
wedged walking. Possibly counter-intuitively, Peroneus Brevis/Longus was generally 
much more active throughout stance, but particularly during toe-off. This could be 
attributed to the eversion moment that occurred for some subjects during toe-off. 
As joint power is a convenient measure of how hard the musculature around a joint is 
working as well as a useful way of representing the flow of work between joints, the 
joints powers are considered in the context of the entire leg. However, as none of the 
measures of peak power generation or absorption reached significance, it could be said 
the overall energy expenditure in the leg was largely unaffected by heel wedges. 
However, the reduction in power generation at the hip and ankle are likely related to 
the increased power absorption at the knee. This increased absorption is related to the 
greater moment demands on the knee observed during wedged walking, such as the 
flexion moment being applied to the knee throughout stance, which would in turn 
require quadriceps muscle activation throughout stance to counter-balance this flexion 
moment. 
In summary, the purpose of this chapter was to quantify the effect of heel wedges 
during level walking in the context of Achilles injuries, with particular focus on Achilles 
tendon loading as this is most relevant to this thesis. The only change in Achilles loading 
was the time to peak Achilles load with wedges. This delay to peak load was also 
observed in medial Soleus and Gastrocnemius loading. However, the introduction of 
heel wedges did have some impact away from the ankle, as knee flexion moments were 
increased for the majority of stance. This questions the efficacy of heel wedges as a 
treatment option to reduce Achilles tendon pain, as no reduction in peak Achilles load 
was achieved while knee loading was substantially increased. 
This chapter was the first of three assessing the impact of heel wedges on gait 
mechanics generally. The focus was on level walking, whereas the subsequent two 
chapters assess uphill and downhill walking respectively.  
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Chapter 6: 
The Effect of Heel Wedges on Lower Limb Mechanics 
During Uphill Walking 
6.1. Introduction 
The purpose of this chapter was to quantify the effect of heel wedges on lower limb 
mechanics during uphill walking. The relevance here, and in the subsequent chapter on 
downhill walking, is to obtain a more comprehensive picture of the effect of the heel 
wedges beyond the context of simple level walking, as was described in the previous 
chapter, as this is only a limited component of this activity of daily living. As heel wedges 
would intuitively influence gait mechanics during uphill walking, it is important to 
quantify changes in gait dynamics due to the use of heel wedges during this task. 
However, as was noted in the previous chapter, heel wedges may influence the 
neighbouring joints of the lower limb and result in more complex mechanical changes 
than simply changing ankle angles and moments. It should be noted that this chapter 
and the subsequent chapter on downhill gait focus on the influence of heel wedges as 
the condition of interest, rather than the effect of incline, as it is well known that 
inclines alter lower limb loading (McIntosh, et al., 2006). While studies such as that of 
McIntosh et al. (2006) have provided a detailed description of lower limb kinematics and 
joint moments with differing inclines, none have assessed the biomechanics of inclined 
walking in the context of Achilles pathologies. 
The main clinical driver behind assessing the effect of orthotics on ankle loading during 
uphill walking is to ensure heel wedges are reducing tendon load when walking not only 
on level ground, but also on inclined surfaces, where Achilles tendon loads are known to 
be increased. The previous chapter demonstrated that heel wedges were unable to 
reduce the magnitude of Achilles tendon load, but was able to delay its peak. Therefore, 
understanding the loading conditions during uphill walking will provide greater in-sight 
into why there is such mixed evidence surrounding the use of heel wedges to treat such 
pathologies. 
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6.2. Methodology 
To assess the effect of commercially available heel wedges during uphill walking, the 
subject cohort detailed in the previous chapter were asked to walk in their normal 
running shoes with and without bilateral heel wedges (as described in the previous 
chapter), up an inclined instrumented walkway, set at 10° (described in Chapter 3). 
6.3. Results 
6.3.1. Spatio-Temporal Measures 
No significant differences in any stance time or walking velocity were observed between 
shod and wedged walking during uphill walking (Table 6.1). 
 Shod Wedged p-value 
Stance time [s] 0.72 ± 0.08 0.73 ± 0.10 - 
Velocity [m/s] 1.20 ± 0.24 1.18 ± 0.24 - 
GRF peak 1 [BW] 1.08 ± 0.10 1.07 ± 0.09 0.027 
Time to peak 1 [% stance] 26 ± 3 28 ± 2 0.014 
GRF peak 2 [BW] 1.17 ± 0.10 1.18 ± 0.13 - 
Time to peak 2 [% stance] 79 ± 3 80 ± 2 0.028 
ROFD [BW/s] 6.22 ± 1.78 5.83 ± 1.36 0.026 
Table 6.1: Summary of the spatio-temporal and GRF parameters for shod and wedged uphill walking. 
Note: All values are presented as mean ± s.d. 
6.3.2. External Loads 
The external ground reaction force (GRF) for the group was found to be significantly 
different between shod and wedged walking (Table 6.1), with a decreased and delayed 
first GRF peak and a delayed second GRF peak (Figure 6.1). A significant decrease in 
ROFD between shod and wedged walking was also observed.  
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Figure 6.1: Shod and wedged uphill walking GRFs. Note: Positive Fx, Fy and Fz refer to the anterior, lateral 
and vertical directions respectively. Black and grey lines correspond to shod and wedged walking 
respectively. * and † denotes magnitude and time to peak force respectively were statistically different. 
Hindfoot loading was significantly affected by wedges during the early phase of stance, 
with a reduction (1.07±0.10 vs. 1.05±0.10 BW, p < 0.001) and delay (26±3 vs. 27±3 % 
stance, p = 0.049) in the first hindfoot force peak (Figure 6.2). 
  
Figure 6.2: Hindfoot loads during shod and wedged uphill walking. Note: Positive Fx, Fy and Fz refer to 
the anterior, lateral and vertical directions respectively. Black and grey lines correspond to shod and 
wedged walking respectively. * and † denotes magnitude and time to peak force respectively were 
statistically different 
Toe loading was also significantly affected by heel wedges, with a decrease (0.37±0.10 
vs. 0.32±0.10, p < 0.001) and delay (83±2 vs. 84±2 % stance, p < 0.001) in peak toe force 
during wedged walking (Figure 6.3). 
123 
 
  
Figure 6.3: Toe segment loads during shod and wedged uphill walking. Note: Positive Fx, Fy and Fz refer 
to the anterior, lateral and vertical directions respectively. Black and grey lines correspond to shod and 
wedged walking respectively. * and † denotes magnitude and time to peak force respectively were 
statistically different 
The CoP trace for both shod and wedged walking can be seen in Figure 6.4. An increase 
in the most anterior CoP position was the only statistically significant change, with the 
more posterior CoP at heel-strike approaching significance (Table 6.2). 
 
 Shod Wedged p-value 
Most Posterior CoP 0.03±0.07 0.01±0.09 0.075 
Most Anterior CoP 0.68±0.08 0.65±0.08 0.002 
CoP travel per step 0.64±0.10 0.63±0.10 - 
Table 6.2: Comparison of CoP measurements during shod and wedged uphill walking. Note: values are 
displayed as mean ± sd and normalised to foot length. 
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Figure 6.4: Cohort average shod (black line) and wedged (red line) uphill walking CoPs in the hindfoot 
coordinate frame. Note: Positive values of foot width and foot length are anterior and lateral respectively. 
6.3.3. Kinematics 
Kinematics of the hip, knee, ankle and MTP are shown in Figure 6.5 with rotations about 
the y-axis of all segments (superior-inferior axis) omitted for clarity. A comparative 
summary of the flexion extension angles for each walking condition is provided in Table 
6.3. 
Angle [°] Hip Knee Ankle MTP 
Time-point Shod Wedged Shod Wedged Shod Wedged Shod Wedged 
ROM 66.1  65.4 36.2 37.5 35.1* 32.1* 22.4 20.6 
HS 56.3 54.6 -30.9 -28.8 -1.4* -4.5* 20.0 20.2 
WA - - -36.4 -35.3 -1.0* -5.2* 18.3 18.2 
PO -9.7 -10.6 -2.0 -2.9 6.4 4.2 - - 
TO -0.4 -1.5 -29.0 -29.6 -26.2 -25.0 37.9 36.5 
Table 6.3: Comparison of joint flexion/extension angles at different phases of stance for shod and 
wedged uphill walking. Note: * denotes significance at p = 0.05, HS – Heel-strike, WA – Weight-
acceptance, PO – Push-off, TO – Toe-off. 
Hip and knee joint motion were largely unaffected by heel wedges during uphill walking 
(Figure 6.5A and B), with only the change in knee joint ROM approaching significance (p 
= 0.088). 
125 
 
Ankle joint motion was the most affected by the heel wedges, showing a reduction in 
range of ankle motion of 3.0° (p = 0.035) (Figure 6.5C). Greater plantarflexion at heel-
strike (p = 0.024) and during weight-acceptance (p = 0.034), as well as a tendency for 
reduced dorsiflexion during push-off (p = 0.08) shows the heel wedges keep the ankle 
generally more plantarflexed during uphill walking. 
MTP motion was unaffected by wedging during uphill walking (Figure 6.5D). Despite the 
ROM approaching significance (p = 0.06), angles at other time points were not affected 
by wedging (p > 0.1 for remaining angles). 
Changes in ankle inversion angle did not reach statistical significance, but ROM and 
angle at heel-strike were approaching significance (Table 6.4). 
 Inversion Angle [°] 
Time-point Shod Wedged p-value 
ROM 13.8 13.3 0.077 
HS 3.8 6.3 0.090 
MS -7.0 -5.5 - 
TO 5.8 5.4 - 
Table 6.4: Peak inversion-eversion angles during shod and wedged uphill walking. Note: HS – Heel-strike, 
MS – Mid-stance, TO – Toe-off. 
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Figure 6.5: Angles of the Hip (A), Knee (B), Ankle (C) and MTP (D) joints during shod and wedged uphill 
walking. Note: Solid and dashed lines represent rotation about medial and anterior pointing axes 
respectively.  Black and grey lines represent shod and wedged walking respectively. 
HS WA PO TO 
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6.3.4. Inter-segmental Moments 
First peak hip and knee adduction moments were increased during wedged walking 
(Figure 6.6 and Table 6.5). Additionally, knee extension moment at weight-acceptance 
and push-off were delayed while the moment at push-off was decreased during wedged 
walking.  
 Peak Moment [Nm/(BW*ht)] Time to peak [% stance] 
Joint Time-point Shod Wedged p-value Shod Wedged p-value 
Hip 
HS 1.06±0.35 1.04±0.42 - 14±8 14±6 - 
PO -0.70±0.59 -0.74±0.26 - 84±2 84±2 - 
1
st
 Add 0.69±0.12 0.74±0.11 0.01 33±5 33±4 - 
2
nd
 Add 0.62±0.13 0.63±0.13 - 71±9 71±10 - 
Knee 
HS 0.18±0.11 0.18±0.11 - 4±1 4±1 - 
WA -0.41±0.14 -0.44±0.15 - 24±3 27±4 0.002 
PO 0.16±0.14 0.09±0.15 <0.001 71±5 72±6 0.028 
TO -0.12±0.13 -0.14±0.09 - 94±2 93±2 - 
1
st
 Add 0.16±0.06 0.20±0.07 <0.001 35±6 35±5 - 
2
nd
 Add 0.14±0.08 0.16±0.08 - 66±12 66±12 - 
Ankle 
HS 0.01±0.03 0.06±0.06 0.005 10±6 14±7 0.011 
PO -0.85±0.11 -0.79±0.15 0.002 79±3 81±2 0.005 
Inv 0.09±0.04 0.06±0.04 <0.001 47±22 35±29 0.13 
MTP PO -0.10±0.04 -0.09±0.04 <0.001 84±2 85±1 0.003 
Table 6.5: Inter-segmental moments during shod and wedged uphill walking. Note: HS – Heel-strike, WA 
– Weight-acceptance, PO – Push-off, TO – Toe-off, 1
st
 Add – First adduction moment peak, 2
nd
 Add – 
Second adduction moment peak. 
The greatest response was seen at the ankle and MTP joints with both time to and 
magnitude of peak moments being significantly affected by wedges for all but the time 
to peak ankle inversion moment (Figure 6.6C). Peak ankle dorsiflexion was increased and 
occurred later with wedges while peak ankle plantarflexion moment decreased and 
occurred later. Peak ankle inversion was reduced with heel wedges. Peak MTP flexion 
moment was reduced and occurred later during wedged walking (Figure 6.6D). 
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Figure 6.6: Hip (A), Knee (B), Ankle (C) and MTP (D) inter-segmental moments during shod (black line) 
and wedged (grey line) uphill walking. Note: Solid and dashed lines represent extension and adduction 
moments respectively. Positive values represent extension and adduction for the hip and knee and 
dorsiflexion and inversion for the ankle. * and † denotes magnitude and time to peak moment respectively 
were statistically different. 
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6.3.5. Joint Powers 
Hip, knee and ankle joint powers were not affected by wedging during uphill walking 
(p>0.1 for all) (Figure 6.7), with only a reduction in peak MTP power absorption) 
observed (-0.42±0.19 vs. -0.34±0.16 W/kg, p = 0.008). 
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Figure 6.7: Hip (A), Knee (B), Ankle (C) and MTP (D) joint powers during shod and wedged uphill walking. 
Note: Positive values correspond to power generation and negative values to power absorption. Solid and 
dashed lines correspond to shod and wedged walking respectively. * denotes magnitude of peak moment 
was statistically different. 
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6.3.6. Muscle and Joint Forces 
Individual muscle, overall Achilles tendon and ankle joint reaction forces during shod 
and wedged downhill walking are summarised in Table 6.6 and Figure 6.8. 
  Peak Force [BW] Time to peak [% stance] 
 Muscle Shod Wedged p-value Shod Wedged p-value 
Triceps  
Surae 
SolMed 1.30±0.26 1.18±0.34 0.047 77±4 78±3 0.005 
SolLat 0.77±0.35 0.88±0.41 - 83±5 83±2 - 
GastMed 0.72±0.15 0.67±0.18 0.040 78±4 79±2 0.058 
GastLat 0.24±0.08 0.25±0.08 - 80±3 81±2 - 
Achilles 2.98±0.69 2.92±0.81 - 79±3 80±2 0.002 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.10±0.11 0.30±0.30 0.002 17±15 21±8 - 
PeroT 0.02±0.03 0.07±0.06 0.002 12±9 18±9 0.069 
TibAnt 0.26±0.11 0.38±0.24 0.058 30±15 23±13 - 
TibPost 0.33±0.15 0.20±0.14 <0.001 43±10 39±17 - 
Invertor/ 
Evertors 
2
nd
 half of 
stance 
PeroB/L 0.09±0.10 0.17±0.19 - 94±7 89±11 - 
PeroT 0.01±0.00 0.01±0.01 0.057 96±6 92±12 - 
TibAnt 0.31±0.14 0.21±0.16 0.012 69±9 71±9 - 
TibPost 0.50±0.21 0.36±0.23 0.020 72±7 75±5 0.016 
Toes 
EDL 0.02±0.03 0.06±0.06 0.002 10±7 16±9 0.008 
EHL 0.02±0.02 0.06±0.05 0.002 11±7 16±5 0.016 
FDL 0.04±0.02 0.03±0.02 0.023 70±11 73±15 - 
FHL 0.39±0.17 0.29±0.16 0.015 72±9 75±5 0.062 
Ankle JRF  5.17±0.86 4.88±1.12 - 77±3 79±2 0.003 
Table 6.6: Comparison of muscle and joint forces during shod and wedged uphill walking. Note: values 
are presented as mean ± s.d. 
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Figure 6.8: Triceps (top), Invertor/Evertor (middle) and Toe (bottom) muscle forces derived during shod 
and wedged uphill walking. Note: Solid and dashed lines represent shod and wedged walking respectively. 
* and † denotes magnitude and time to peak force respectively were statistically different. 
Predicted peak Achilles tendon load was unaffected by wedges (Table 6.6 and Figure 
6.9). Time to peak Achilles force occurred significantly later with wedges. 
* 
*† 
*† 
* 
* 
* 
* 
* 
* 
*† 
A) 
B) 
C) 
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Figure 6.9: Overall Achilles load during shod and wedged uphill walking. Note: Solid and dashed lines 
represent shod and wedged walking respectively. † denotes time to peak force was statistically different. 
However, a significant decrease in medial Gastrocnemius and Soleus force was observed 
during wedged walking. Time to peak medial Soleus force was the only significantly 
delayed triceps muscle. 
Significant increases in inv/evertor muscle forces were observed with wedges during 
uphill walking. Peroneus Brevis/Longus and Tertius all showed increases in peak force 
during the first half of stance. Tibialis Posterior showed a significant decrease in peak 
force during the same period. No changes in time to peak for force any of these muscles 
occurred during the first half of stance. During the second half of stance Peroneus 
Brevis/Longus and Tertius did not show any significant differences due to wedging, 
although the increase in Peroneus Tertius force did approach significance. Tibialis 
Anterior and Posterior both showed significant decreases in peak force due to wedging. 
Only Tibialis Posterior force occurred significantly later. 
Toe muscle forces were all significantly affected by wedges during uphill walking.  Peak 
toe extensor muscle force was found to be significantly increased with wedges. 
Conversely, peak toe flexor forces were found to decrease with wedges. Time to peak 
force was also significantly delayed for the extensors with wedges. 
Magnitude of the ankle joint reaction force was unaffected by wedges during uphill 
walking (Table 6.6 and Figure 6.10). However, peak joint reaction force was delayed with 
wedges. 
† 
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Figure 6.10: Comparison of ankle joint reaction forces during shod and wedged uphill walking. Note: 
Solid and dashed lines represent shod and wedged walking respectively and † denotes a significant delay 
to peak force. 
6.4. Summary 
During uphill walking, the comparatively balanced double peak in the GRF observed 
during level walking in the previous chapter has been skewed to give a larger second 
peak due to the greater requirements when propelling the body up an incline. During 
wedged walking a decreased and delayed first GRF peak resulted in the observed 
decrease in ROFD. Additionally a less anterior CoP at push-off was observed. The fact the 
amount of CoP travel was unaffected showed the foot was still loaded from heel to toe 
and that the incline did not require the subject to adapt their gait significantly to 
accommodate the incline. Therefore, the descriptors used to describe the phases of gait 
in the previous chapter have also been used here for consistency. 
Changes at the MTP joint due to heel wedges were most commonly observed during the 
second half of stance, with less flexion and a reduction in flexion moment observed. As 
expected, changes were largest near push-off, with the reduction in flexion angle and 
moment being most noticeable here.  
The ankle showed significant kinematic changes (Figure 6.11), with a more plantarflexed 
and inverted ankle particularly at weight-acceptance, and up until push-off, where the 
kinematic differences became negligible. 
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Figure 6.11: Illustrations of the changes in ankle kinematics during shod and wedged uphill walking at 
HS (left) and WA (right). Note: Solid and dashed lines represent shod and wedged conditions respectively. 
* denotes statistically significant differences in angle at the joint specified. 
Despite the similarities in kinematics from push-off changes in moments were observed 
throughout stance. As in the previous chapter, this may have been the result of the 
posterior and medial shift in CoP throughout stance, resulting in the increased 
dorsiflexion and reduced plantarflexion, coupled with the reduced inversion moment. 
No changes in peak ankle joint reaction force were observed, however, an earlier ankle 
reaction force did peak earlier with wedges, similar to the delay to peak Achilles tendon 
force. 
Knee motion was not affected by heel wedges with negligible difference in angles 
between conditions at all phases of stance. However, the moments applied to the knee 
by the GRF were significantly altered, with increased knee flexion moment from weight-
acceptance onwards and increased knee first adduction moments. While the change in 
flexion moment was apparent until toe-off, the adduction moments were found to be 
the same by push-off. 
As expected, hip motion was not affected by heel wedges, with negligible differences in 
angles throughout stance with only the increased first peak adduction moment being 
the only observed change. 
As expected, there was no difference in peak Achilles force between shod and wedged 
walking. However, the significant reduction in medial triceps load, coupled with the 
increase in lateral triceps, resulted in a more even activation pattern across the triceps 
* * 
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muscles. The increased dorsiflexion moment may have led to the increased Tibialis 
Anterior and Peroneus Tertius and toe extensor activation seen during early stance. The 
overall reduction in inversion moment led to the reduction in peak Tibialis Anterior and 
Posterior forces. However, as in the previous chapter, Peroneus Brevis/Longus was 
generally more active throughout stance and showed a similar rise at toe-off, again due 
to the eversion moment at toe-off. 
In summary, this chapter aimed to quantify the differences in model outputs during 
wedged uphill walking, so as to provide a more complete picture of the impact of heel 
wedges during walking in a broader context than level walking. It was not expected that 
substantial differences would be observed during uphill walking with wedges, as the 
heel wedges would, logically, only affect loading during stages of stance when the heel is 
in contact with the ground. Indeed, the only kinematic change was greater ankle 
plantarflexion during early stance, along with an increase in knee adduction and ankle 
dorsiflexion peak moments resulting in the increases in ankle dorsiflexor muscle forces. 
This was in contrast to the decreased and delayed first GRF peak, which in turn led to a 
reduction in rate of force development. However, changes during the second half of 
stance were also observed, but in the loading, rather than motion, of the lower limb. 
Critically, the reduction in peak plantarflexion moment did not result in a reduction in 
peak Achilles tendon load. Only a delay in time to peak Achilles tendon force was 
observed, this is postulated to be related to the delay in peak ankle plantarflexion 
moment. Changes were also observed at the knee, with a reduction in knee flexion 
moment at push-off during wedged walking. It would seem, therefore, that heel wedges 
have some minor influence on uphill gait mechanics, but changes specifically to the 
Achilles tendon as a whole are not present. 
This chapter follows the previous chapter on level walking by assessing the impact of 
heel wedges on inclined walking. The focus here was on uphill walking and the 
subsequent chapter on downhill walking forms the final part of the assessment of heel 
wedges on lower limb gait mechanics. 
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Chapter 7: 
The Effect of Heel Wedges on Lower Limb Mechanics  
During Downhill Walking 
7.1. Introduction 
As has been seen in previous chapters, the introduction of heel wedges during gait can 
alter lower limb joint loading. The data presented in this chapter is the remainder of the 
dataset on walking. Here, the focus is on characterising the effects of heel wedges on 
the lower limb during downhill walking. 
Literature suggests the main aim of heel wedges is to raise the heel during gait, thereby 
reducing Achilles tendon strain and, subsequently, pain. If the conventional heel-toe gait 
dynamic is utilised, where subjects contact the ground with their heel first, then the 
introduction of heel wedges is likely to have significant effect, where ankle 
plantarflexion occurs sooner than expected and subjects may feel as though they are 
being tilted down the slope. Therefore, it is expected that lower limb biomechanics will 
be altered by the presence of heel wedges during downhill walking. 
7.2. Methodology 
To assess the effect of a pair of commercially available heel wedges on musculoskeletal 
outputs, the same subject cohort detailed in the previous chapter were asked to walk in 
their normal running shoes with and without bilateral heel wedges, down an inclined 
instrumented walkway. Both the instrumented walkway and heel wedges have been 
described previously in Chapters 3, 5 and 6 respectively.  
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7.3. Results  
7.3.1. Spatio-Temporal Parameters 
Stance time was significantly affected by heel wedges, with a significant increase during 
wedged compared to shod walking (Table 7.1).  
 Shod Wedged p-value 
Stance time [s] 0.63 ± 0.09 0.65 ± 0.08 0.025 
Velocity [m/s] 1.20 ± 0.24 1.17 ± 0.24 - 
GRF peak 1 [BW] 1.25 ± 0.13 1.25 ± 0.14 - 
Time to peak 1 [% stance] 25±4 26±4 0.015 
GRF peak 2 [BW] 0.95 ± 0.11 0.95 ± 0.11 - 
Time to peak 2 [% stance] 79±7 79±7 - 
ROFD [BW/s] 9.80±3.63 9.17±3.81 - 
Table 7.1: Summary of the spatio-temporal and GRF parameters for shod and wedged downhill walking. 
Note: All values are presented as mean ± s.d and p-values < 0.1 are omitted for clarity. 
However, despite the prolonged stance period, both step length (defined as the RMS 
distance between left heel strikes, as measured by calcaneal markers placed over the 
left Calcaneus) and the time between contra-lateral heel-strikes were not significantly 
different between wedged and shod walking (p > 0.1 for both). 
7.3.2. External loads 
The external ground reaction force (GRF) for the group was largely similar between shod 
and wedged walking, both in terms of time to peak force and the magnitude of the force 
(Figure 7.1). There was however, a significant delay in when the first peak occurred 
(Table 7.1), but this did not result in a significant reduction in ROFD. 
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Figure 7.1: Shod and wedged downhill walking GRFs. Note: Positive Fx, Fy and Fz refer to the anterior, 
lateral and vertical directions respectively. Black and grey lines correspond to shod and wedged walking 
respectively. † denotes significant delay to peak force. 
Hindfoot loading was not significantly affected by wedges (p > 0.1 for all measures 
considered) (Figure 7.2). No differences in time to peak hindfoot forces were observed. 
 
Figure 7.2: Hindfoot loads during shod and wedged downhill walking. Note: Positive Fx, Fy and Fz refer to 
the anterior, lateral and vertical directions respectively. Black and grey lines correspond to shod and 
wedged walking respectively. 
Toe loading was also unaffected by wedges, with neither the decrease in peak force nor 
the delay to peak toe force reaching significance (Figure 7.3). 
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Figure 7.3: Toe segment loads during shod and wedged downhill walking. Note: Positive Fx, Fy and Fz 
refer to the anterior, lateral and vertical directions respectively. Black and grey lines correspond to shod 
and wedged walking respectively. 
The CoP trace for both shod and wedged walking can be seen in Figure 7.4. The 
introduction of wedges resulted in a less anterior peak CoP position during wedged 
walking (Table 7.2). 
 Shod Wedged p-value 
Most Posterior CoP 0.03±0.09 0.01±0.08 - 
Most Anterior CoP 0.66±0.07 0.62±0.07 0.014 
CoP travel per step 0.63±0.11 0.61±0.10 - 
Table 7.2: Comparison of CoP measurements during shod and wedged downhill walking. Note: values 
are displayed as mean ± sd and normalised to foot length. 
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Figure 7.4: Cohort average shod (black line) and wedged (red line) downhill walking CoPs in the hindfoot 
coordinate frame. Note: Positive values of foot width and foot length are anterior and lateral respectively. 
Error bars represent 1 standard deviation of the mean value and AP error bars are only shown for the most 
posterior and anterior points for clarity. 
7.3.3. Kinematics 
Kinematics of the hip, knee, ankle and MTP are shown in Figure 7.5 with rotations about 
the y-axis of all segments (superior-inferior axis) omitted for clarity. A comparative 
summary of the flexion extension angles for each walking condition is provided in Table 
7.3. 
Angle [°] Hip Knee Ankle MTP 
Time-point Shod Wedged Shod Wedged Shod Wedged Shod Wedged 
ROM 28.6 29.1 54.4 54.7 21.9* 25.9* 15.0 14.6 
HS 27.1 28.0 -6.6 -6.5 -9.0* -10.9* 19.2 20.0 
WA - - -28.1* -30.0* -18.6* -21.4* 15.6 15.7 
PO -0.4 -0.2 -27.2 -29.3 1.8 2.7 - - 
TO 5.7 5.6 -60.0 -61.2 -14.6 -15.2 28.8 28.4 
Table 7.3: Comparison of joint flexion/extension angles at different phases of stance for shod and 
wedged downhill walking. Note: * denotes significance at p = 0.05, HS – Heel-strike, WA – Weight-
acceptance, PO – Push-off, TO – Toe-off. 
Hip and knee joint motion were found to be largely unaffected by the use of  wedges 
(Figure 7.5A and B), with a maximum angular non-statistical difference of approximately 
1° between wedged and shod walking hip ROM (p > 0.1 for all time-points considered). 
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The only significant change at the knee occurred at weight-acceptance, with increased 
knee flexion during wedged walking (p = 0.02). 
Ankle joint motion showed the greatest differences due to wedges (Figure 7.5C). Similar 
to the knee, the ankle was in a more plantarflexed position during wedged walking 
throughout the first half of stance phase, with 1.9° and 2.8° differences between shod 
and wedged walking at heel-strike and weight-acceptance (p = 0.015 and p = 0.003 
respectively). At push-off, ankle dorsiflexion was slightly larger during wedged walking, 
but by toe-off, greater plantarflexion was again observed with wedges. This resulted in a 
significant increase in ROM of the ankle during wedged walking (p < 0.001). Although 
not quantified, it is worth noting here that several subjects reported the sensation of 
being tilted forwards during downhill wedged walking. This is possibly related to the 
more rapid ankle plantarflexion (greater angle, but occurring at the same point during 
stance) that was observed during wedged walking.  
The MTP joint showed no discernible differences in motion with the use of wedges 
(Figure 7.5D). 
 
 Inversion Angle [°] 
Time-point Shod Wedged p-value 
ROM 13.3 12.6 - 
HS 4.6 5.0 - 
MS -5.5 -5.0 - 
TO 5.5 5.9 - 
Table 7.4: Peak inversion-eversion angles during shod and wedged downhill walking. Note: HS – Heel-
strike, MS – Mid-stance, TO – Toe-off. 
No changes in ankle inversion-eversion kinematics were observed due to the heel 
wedges during level walking (p > 0.1 for all time points considered) (Table 7.4). 
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Figure 7.5: Angles of the Hip (A), Knee (B), Ankle (C) and MTP (D) joints during shod and wedged 
downhill walking. Note: Solid and dashed lines represent rotation about medial and anterior pointing axes 
respectively. Black and grey lines represent shod and wedged walking respectively. 
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7.3.4. Inter-segmental Moments 
 Peak Moment [Nm/(BW*ht)] Time to peak [% stance] 
Joint Time-point Shod Wedged p-value Shod Wedged p-value 
Hip 
HS 1.01±0.47 1.03±0.47 - 7±4 7±4 - 
PO -0.86±0.14 -0.98±0.15 0.002 82±2 83±3 - 
1
st
 Add 0.98±0.28 0.98±0.30 - 24±4 26±5 0.07 
2
nd
 Add 0.63±0.16 0.65±0.17 - 69±12 71±12 - 
Knee 
HS 0.29±0.13 0.32±0.12 - 3±2 3±1 - 
WA -0.64±0.18 -0.71±0.18 <0.001 29±5 32±4 0.002 
PO -0.27±0.14 -0.33±0.12 <0.001 62±11 64±13 - 
TO -0.39±0.11 -0.47±0.15 <0.001 91±1 91±1 - 
1
st
 Add 0.24±0.12 0.25±0.14 - 22±4 23±5 0.07 
2
nd
 Add 0.11±0.06 0.11±0.08 - 64±11 66±14 - 
Ankle 
HS 0.09±0.07 0.14±0.07 <0.001 15±5 17±3 0.023 
PO -0.62±0.09 -0.57±0.08 0.002 81±1 81±1 - 
Inv 0.09±0.05 0.07±0.06 0.03 29±13 34±25 - 
MTP PO -0.09±0.04 -0.08±0.04 0.07 84±1 85±2 - 
Table 7.5: Inter-segmental moments during shod and wedged downhill walking. Note: HS – Heel-strike, 
WA – Weight-acceptance, PO – Push-off, TO – Toe-off, 1
st
 Add – First adduction moment peak, 2
nd
 Add – 
Second adduction moment peak. 
At the hip only the flexion moment at push-off was significantly reduced during wedged 
walking (Figure 7.6 and Table 7.5). Changes in time to peak hip moments were not 
significant for any of the values reported here, with only the time of the first hip 
adduction peak approaching significance  
Knee moments were significantly affected by wedges, with greater flexion moments 
being exerted on the knee at weight-acceptance, push-off and toe-off. Time to peak 
weight-acceptance moment was found to be significantly delayed with wedges. Delay to 
first knee adduction peak moment was approaching significance. 
Ankle moments were similarly affected by wedges, with the ankle having to provide a 
more positive (dorsiflexion) moment throughout stance. Greater peak dorsiflexion, and 
reduced peak plantarflexion moments were observed due to wedging. Peak inversion 
moment was significantly reduced with wedges. Time to peak dorsiflexion moment was 
found to be significantly delayed with wedges. A trend decrease in peak MTP flexion 
moment was observed, but no change in time to peak moment were observed. 
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Figure 7.6: Hip (A), Knee (B), Ankle (C) and MTP (D) inter-segmental moments during shod (black line) 
and wedged (grey line) downhill walking. Note: Solid and dashed lines represent extension and adduction 
moments respectively. Positive values represent extension and adduction for the hip and knee and 
dorsiflexion and inversion for the ankle. * and † denotes magnitude and time to peak moment respectively 
were statistically different. 
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7.3.5. Joint Powers 
Throughout stance phase, only the time to maximum hip power absorption in the 
second half of stance was significantly affected by wedges (81±13 vs. 72±3 % stance, p = 
0.025). Remaining parameters were not significantly different (p > 0.10) (Figure 7.7A). 
During the first and second halves of stance, the peak knee absorption power was 
greater during wedged walking compared to shod walking (-1.94±1.07 vs. -2.20±1.24 
W/Kg, p < 0.05 and -2.94±0.78 vs. -3.17±0.95 W/Kg, p = 0.015 respectively) (Figure 7.7B). 
Additionally, peak power absorption during the first half of stance occurred significantly 
later (21±3 vs. 22±3 % stance, p = 0.007). 
Ankle power generation and absorption was not found to be significantly affected by 
wedges with the delay to peak power generation approaching significance (p = 0.07) 
(Figure 7.7C). Maximum power absorption for the MTP joint was found to be 
significantly reduced with wedges (-0.28±0.16 vs. -0.23±0.11 W/Kg, p = 0.04) (Figure 
7.7D). Time to peak absorption and peak power generation was not found to be 
significantly different due to wedges (p > 0.1 for all). 
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Figure 7.7: Hip (A), Knee (B), Ankle (C) and MTP (D) joint powers during shod (solid line) and wedged 
(dashed line) downhill walking. Note: Positive values correspond to power generation and negative values 
to power absorption. * and † denotes magnitude and time to peak power respectively were statistically 
different. 
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7.3.6. Muscle and Joint Forces 
Individual muscle, overall Achilles tendon and ankle joint reaction forces during shod 
and wedged downhill walking are summarised in Table 7.6 and Figure 7.8 below. 
Table 7.6: Comparison of muscle and joint forces during shod and wedged downhill walking. Note: 
values are presented as mean ± s.d. 
  Peak Force [BW] Time to peak [% stance] 
 Muscle Shod Wedged p-value Shod Wedged p-value 
Triceps  
Surae 
SolMed 0.96±0.23 0.87±0.23 0.040 78±8 80±2 - 
SolLat 0.53±0.23 0.60±0.26 - 85±2 84±3 - 
GastMed 0.53±0.12 0.49±0.12 - 76±12 80±2 - 
GastLat 0.17±0.04 0.18±0.05 - 82±1 82±1 - 
Achilles 2.15±0.48 2.10±0.54 - 82±1 82±1 - 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.38±0.30 0.67±0.51 0.003 16±6 16±7 - 
PeroT 0.09±0.07 0.15±0.10 <0.001 16±3 18±3 <0.001 
TibAnt 0.56±0.25 0.75±0.36 0.002 19±9 18±4 - 
TibPost 0.37±0.21 0.26±0.22 0.003 38±10 37±13 - 
Invertor/ 
Evertors 
(2
nd
 half of 
stance) 
PeroB/L 0.06±0.08 0.10±0.10 0.083 95±12 97±6 - 
PeroT 0.01±0.08 0.01±0.01 0.076 97±12 99±4 - 
TibAnt 0.26±0.10 0.18±0.10 0.006 69±15 77±17 0.072 
TibPost 0.41±0.16 0.29±0.17 0.005 73±13 72±12 - 
Toes 
EDL 0.09±0.07 0.15±0.09 <0.001 17±6 18±3 - 
EHL 0.09±0.06 0.14±0.08 <0.001 16±3 18±3 <0.001 
FDL 0.04±0.02 0.03±0.02 0.003 58±25 63±25 - 
FHL 0.34±0.14 0.25±0.15 0.002 61±24 63±25 - 
Ankle JRF  3.82±0.64 3.53±0.70 0.037 80±2 81±2 0.023 
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Figure 7.8: Triceps (A), Invertor/Evertor (B) and Toe (C) muscle forces derived during shod and wedged 
downhill walking. Note: Solid and dashed lines represent shod and wedged walking respectively. * and † 
denotes magnitude and time to peak force respectively were statistically different. 
Overall Achilles tendon force was not affected by heel wedges during downhill walking 
(Table 7.6 and Figure 7.9). 
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Figure 7.9: Overall Achilles load during shod and wedged downhill walking. Note: Solid and dashed lines 
represent shod and wedged walking respectively. 
Within the triceps muscles, only medial Soleus showed significant reduction in peak. 
None of the times to peak force were found to be significantly changed due to wedging. 
Inv/Evertor muscle forces were significantly affected by wedges. During the first half of 
stance, peak Peroneus Brevis/Longus, Tertius and Tibialis Anterior forces all increased 
significantly, with peak Tibialis Posterior force reduced during the same period. 
Additionally, peak Peroneus Tertius force occurred significantly later during wedged 
walking.  During the second half of stance, peak Peroneus Brevis/Longus and Tertius 
forces were found to be greater during wedged walking, but not significantly so. 
However, Tibialis Anterior and Posterior showed significant reductions in peak force 
during the second half of stance. 
Peak toe extensor muscle forces increased with wedges during downhill walking. 
Conversely, peak toe flexor force was found to significantly decrease with wedges. Only 
time to peak forces for EHL was significantly delayed by wedges. 
Ankle joint reaction force was significantly affected by wedges, with a reduction and 
delay in peak reaction force (Table 7.6 and Figure 7.10). 
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Figure 7.10: Comparison of ankle joint reaction forces during shod and wedged downhill walking. Note: 
Solid and dashed lines represent shod and wedged walking respectively. * and † denotes magnitude and 
time to peak force respectively were statistically different. 
7.4. Summary 
During downhill walking, the introduction of heel wedges may have resulted in a slightly 
more cautious approach to walking, with an increase in stance time and delay to first 
GRF peak. The external loads and step length did not change with heel wedges, 
suggesting that, aside from possibly being more cautious, subjects did not have to adapt 
their gait significantly to accommodate the wedges during downhill walking, reflected by 
the consistent GRF and CoP traces. The reduced most anterior CoP position was the only 
significantly affected measure. Anecdotally, downhill wedged walking was the condition 
that subjects most frequently commented on, often reporting the sensation of being 
“tilted forward” or “leaning down the slope” during these trials. 
The MTP joint did not show substantial changes due to heel wedges during downhill 
walking, with practically identical kinematic measures, coupled with a non-significant 
decrease in joint moment. Only the decrease in peak MTP power absorption was 
significant. 
As expected, changes in ankle kinematics and loading were observed primarily during 
the first half of stance. However, instead of causing the expected decrease in ankle 
flexion, wedged walking resulted in an increased ROM, arising from the greater 
plantarflexion observed during weight-acceptance. As was touched on in the results, this 
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is perhaps related to the comments of several subjects regarding the tilting sensation, as 
there was indeed an increase in plantarflexion angle, during wedged walking (Figure 
7.11). As this increase in plantarflexion angle occurred at the same point during stance, 
this implies a more rapid rate of ankle plantarflexion. 
 
Figure 7.11: Illustrations of the changes in ankle kinematics during shod and wedged downhill walking 
at HS (left) and WA (right). Note: Solid and dashed lines represent shod and wedged conditions 
respectively. * denotes statistically significant differences in angle at the joint specified. 
Despite these comments, the increased stance time suggests that while some subjects 
may have felt less balanced than they would have otherwise preferred, the cohort in 
general would have experienced a similar increase in ankle plantarflexion, but 
compensated for it by walking more slowly. The increased and prolonged ankle 
dorsiflexion period during early stance may be related to a more cautious walking style 
and increased braking requirements exhibited during downhill wedged walking. 
Knee motion was only affected at weight-acceptance, with a reduced flexion angle 
during wedged walking. This reduction of flexion could suggest a greater element of 
control is employed during downhill walking. As the knee is essentially collapsing during 
downhill walking, due to the body’s inclination down the slope, there is no need for 
significant push-off force, as is required during level or uphill walking. The main action of 
knee musculature, therefore, would be to brake and control this collapse. During 
wedged walking, the flexion angle at weight-acceptance is greater, suggesting more 
rapid knee flexion, which would theoretically necessitate greater knee extensor muscle 
activity. This is reflected by the increased knee flexion moments during wedged walking 
* * 
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from weight-acceptance until toe-off. The significant delays in first peak flexion and 
adduction moments reflect the delayed first GRF peak.  
Hip motion was unaffected by heel wedges, but the observed increase in hip flexion 
moment at push-off is likely related to the posteriorly shifted CoP, which, coupled with 
the unaffected hip angle, would move the hip joint anteriorly. 
Changes in Achilles tendon load were not significant, despite the significant reduction in 
peak medial Soleus muscle force. This was due to a combination of the posterior CoP 
and reduced second GRF peak. The increased Tibialis Anterior, Peroneus Brevis/Longus 
and toe extensor peak forces resulted from the increase in peak dorsiflexion moments 
during early stance. The reduction in Tibialis Anterior and Posterior forces from mid-
stance onwards is thought to be related to the decreased eversion moments. 
Interestingly, FHL was found to have a double peak pattern of loading, which was not 
seen during level or uphill walking, which was also observed for Tibialis Posterior. 
Additionally, it was also recruited earlier on during downhill compared to level or uphill 
walking. This is particularly interesting, as anatomically, Tibialis Posterior and FHL have 
similar muscle paths, and as such their moment arms would likely be affected in similar 
ways, so their mutual recruitment earlier on suggests they are more optimal regarding 
foot placement during weight-acceptance in downhill walking. 
In summary, this chapter completed the assessment of heel wedges during gait, by 
comparing the changes in ankle loading during downhill wedged walking. Some subjects 
did comment on feeling slightly off balance during wedged walking and this is reflected 
by the increase in stance time, suggesting the cohort as a whole would have employed a 
slightly more cautious walking pattern. This is particularly relevant to the faster rate of 
ankle plantarflexion during wedged walking, in addition to the increased braking 
requirements at the knee and ankle. The knee experienced most changes during mid-
stance, with greater knee extensor muscle requirements during wedged walking. 
However, a significant reduction in medial Soleus was not reflected in peak Achilles 
loading, due to the increases in lateral triceps muscle force. This result suggests the 
treatment potential of heel wedges during downhill walking to be minimal.  
154 
 
Chapter 8: 
The Biomechanics of the Eccentric Heel-drop Exercise 
8.1. Introduction 
In Chapter 1, the under-lying principles around treating the Achilles tendon were 
summarised, including brief descriptions of the healing mechanisms different 
treatments are intended to operate by. However, despite being the most successful 
treatment for Achilles tendinopathy, little is known about the biomechanics 
underpinning the exercise. Understanding the relationship between mechanical 
environment and tendon healing may provide insight into the ability of treatments 
reliant on mechanical principles, such as heel wedges, in influencing tendon healing. 
Additionally, it is not known what effect, if any, performing the exercise in shoes, as is 
often done in clinics, has on the outcome of the task. The different versions of the 
eccentric heel-drop exercise were described in Chapter 1, but to repeat the main 
difference, patients are expected to perform the heel-drop exercise with a fully 
extended knee and also with a flexed knee. Therefore, the purpose of this chapter was 
to characterise the biomechanics of the recommended exercise and quantify any 
differences that exist between the flexed and extended knee versions of the exercise, as 
well as performing the task in barefoot or in shoes. 
8.2. Methodology 
As the equipment used for the heel-drop exercise has been outlined in Chapter 3, the 
content of this section will focus on the specifics relevant to performing the eccentric 
heel-drop task. 
Subjects were instructed to perform the eccentric heel-drop exercise following the “bad 
down, good up” approach used in clinical settings detailed by Alfredson et al (1998), 
where patients perform the eccentric heel-drop portion of the task with their injured leg 
and the concentric part with their uninjured leg. This cycle begins with subjects starting 
on their toes with their ankles in a plantarflexed position and lowering their centre of 
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mass by dorsiflexing the ankle through its range of motion at a comfortable speed until 
full dorsiflexion is achieved. If subjects felt the need to use the parallel bars provided for 
safety during the task, they were instructed to only apply minimal pressure on the bar to 
ensure the majority of body weight was still being passed through the leg.  
Subjects were asked to perform a minimum of 5 cycles of this eccentric-concentric 
pattern using their right leg only and a cycle was considered to be “clean” if the subject 
went through their full range of ankle motion without excessive knee motion during the 
eccentric portion of the cycle and without the left foot touching the forceplate or 
wooden step. This was performed in barefoot and running shoes and performed with 
the knee in extension (Figure 8.1A) and flexion (Figure 8.1B). The four conditions are 
summarised in Table 8.1. 
 Leg position Abbreviation 
Condition 1 Barefoot with the knee extended “bare_ext” 
Condition 2 Barefoot with the knee flexed “bare_flex” 
Condition 3 In shoes with the knee extended “shoe_ext” 
Condition 4 In shoes with the knee flexed “shoe_flex” 
Table 8.1: Summary of the four versions of the heel drop exercise 
 
 
Figure 8.1: Image of the extended (A) and flexed (B) knee versions of the eccentric exercise 
A B 
156 
 
As the global coordinate system origin was set to the forceplate surface for all trials, the 
vertical coordinate of the centre of pressure (CoP) in this coordinate system was set to 
the height of the wooden step, measured by a tape measure to be 132mm. 
Optical motion, forceplate and plantar pressure data were recorded continuously while 
the subjects performed repeated cycles of the task and only the eccentric portion of 
each cycle was considered for processing. Each trial was defined from the onset of a 
continuous decrease in lateral malleolar marker height until the first subsequent 
increase in malleolar height. CoP measures are presented normalised to Foot length and 
Foot width, as defined in Chapter 4. 
Since individuals took different time durations and used different techniques to perform 
the heel-drop, time-normalisation of data was not performed, as averaging across trials 
containing such time-varying data would reduce the usefulness of any cohort-averaged 
results. Instead time-independent values, such as peak force, ranges of motion or mean 
angles, were used to characterise the task. Each output is compared across each of the 
four conditions (barefoot or in-shoe with an extended or flexed knee). 
All data was checked for normality using a Kolmogorov-Smirnov test and unless 
otherwise stated, statistical comparisons consisted of a repeated measures 2-way 
ANOVA; the level of significance set at p < 0.05 for main effects. If mains effects were 
significant, a Bonferonni correction to account for multiple comparisons was applied and 
significance set at p < 0.025 to determine which comparisons were significant. 
8.3. Results 
8.3.1. CoP Travel 
CoP travel was used to indicate the stability of the task performed by comparing mean 
medio-lateral (ML) CoP position, as well as the ranges of antero-posterior (AP) and ML 
CoP travel for each trial (Figure 8.2). CoP values were expressed in the local foot 
coordinate system, as defined in Chapter 2. To facilitate inter-subject comparisons, the 
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mean CoP and ranges of CoP travel were normalised to the subject’s foot length and 
width. 
 
Figure 8.2: Comparison of insole-derived and forceplate-derived CoP travel for barefoot and in-shoe 
versions of the heel-drop task. Note: the suffix “_In” and “_FP” for the in-shoe trials refer to Insole and 
Forceplate CoP inputs respectively. Positive values correspond to lateral and anterior CoP positions 
respectively. The in-shoe forceplate derived values are included for completeness here, but were not 
processed as an input to the model. 
As comparisons between forceplate-measured or insole-derived CoP values were not 
meaningful, comparisons were made only between extended and flexed knee tasks 
within each shoe condition, as this is clinically relevant. Differences in mean ML CoP and 
max/min AP CoP position were not statistically significant for extended vs. flexed knee 
comparison (Table 8.2) (p > 0.05 for all comparisons made). 
 CoP Measures 
Condition Mean ML Max AP Min AP 
bare_ext 0.27±0.17 0.88±0.05 0.70±0.07 
bare_flex 0.26±0.14 0.87±0.04 0.70±0.07 
shoe_ext_FP 0.17±0.15 0.87±0.06 0.65±0.08 
shoe_flex_FP 0.20±0.15 0.86±0.07 0.65±0.09 
shoe_ext_In 0.20±0.11 0.71±0.05 0.60±0.07 
shoe_flex_In 0.21±0.11 0.70±0.06 0.59±0.08 
Table 8.2: Comparison of mean ML CoP and max AP CoP position from insole-derived and forceplate-
derived CoP travel for barefoot and in-shoe versions of the heel-drop task. Note: the suffix “_In” and 
“_FP” for the in-shoe trials refer to Insole and Forceplate CoP inputs respectively. Positive values 
correspond to lateral and anterior CoP positions respectively. The shod forceplate-derived values are 
included (in italics) for completeness, but were not processed as an input to the model. 
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8.3.2. Kinematic outputs 
8.3.2.1. Ankle and MTP kinematics 
Ankle flexion/extension and inversion/eversion ROMs were not significantly different, 
but MTP ROM was significantly reduced when in shoes, for both knee extended and 
knee flexed conditions (p < 0.001 for both bare_ext vs. shoe_ext and bare_flex vs. 
shoe_flex comparisons) (Figure 8.3). 
 
Figure 8.3: Comparison of the ranges of ankle and MTP motion for each heel-drop task. Note: Ank Inv/Ev 
– Ankle Inversion/Eversion, Ank F/E – Ankle Flexion/Extension, MTP F/E – MTP Flexion/Extension. * denote 
statistically significant differences. 
8.3.2.2. Hip and Knee kinematics 
Statistical comparisons were made between shoe conditions and between dorsiflexed 
and plantarflexed leg positions. A comparison between knee flexion conditions was not 
considered meaningful, as there was by definition a difference in knee flexion angle 
between knee conditions. The comparison made instead would allow for an assessment 
into how well subjects were able to maintain knee and hip angles during each knee 
flexion condition. Therefore, pair-wise comparisons were made between barefoot and 
shoe conditions (i.e. bare_ext vs. shoe_ext and bare_flex vs. shoe_flex) and between the 
angle at dorsiflexion and plantarflexion within each condition (Figure 8.4).  
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For the extended knee task, hip and knee flexion angles were maintained regardless of 
shoe condition. For the flexed knee task, hip angle was maintained, but knee flexion was 
significantly different between the start and end of the task for both barefoot and in-
shoe conditions (p < 0.001 and p = 0.004 for bare_flex and shoe_flex respectively) 
(Figure 8.4). 
 
Figure 8.4: Comparison of mean hip and knee flexion angles for each heel-drop task. Note: “Plantar” and 
“Dorsi” refer to when the ankle was at peak plantarflexion (start of the task) and peak dorsiflexion (end of 
the task) respectively. Positive values correspond to adduction and hip flexion and knee extension. * 
denotes statistically significant differences. 
Interestingly, mains effect changes in knee adduction angle initially reached statistical 
significance between extended and flexed knee tasks (p = 0.026), but after statistical 
correction due to repeated measures, neither in-shoe or barefoot differences reached 
statistical significance. Changes in hip adduction angles did not reach statistical 
significance. However, a trend can be seen, where going from an extended knee to a 
flexed knee results in a decrease in knee adduction angle and an increase in hip 
adduction angle (Figure 8.5).  
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Figure 8.5: Comparison of mean hip and knee adduction angles for each heel-drop task.  
The ankle was significantly more inverted at the start of the heel-drop when barefoot 
compared to in-shoe during the extended knee task only (bare_ext vs. shoe_ext, p < 
0.001), but eversion was not significantly different between conditions or tasks at the 
final position of the heel-drop (Figure 8.6). 
 
Figure 8.6: Comparison of mean ankle inversion angles at the start (peak plantarflexion) and end (peak 
dorsiflexion) of each heel-drop task. Note: Positive values correspond to ankle inversion. * denotes 
statistically significant differences. 
The ankle started the task in significantly greater plantarflexion during the extended 
knee task than the flexed knee task when barefoot or in shoes (p < 0.001 for both 
bare_ext vs. bare_flex and shoe_ext vs. shoe_flex) (Figure 8.7). By maximum 
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dorsiflexion, the ankle angle was only different for the in-shoe condition (shoe_ext vs. 
shoe_flex, p < 0.001) (Figure 8.7). 
 
Figure 8.7: Comparison of mean ankle flexion angles at the start and end of each heel-drop task. Note: 
Positive values correspond to ankle dorsiflexion. * and † denote statistically significant differences. 
At maximum ankle plantarflexion, MTP joint angles were not statistically different across 
conditions. At maximum ankle dorsiflexion, MTP angles were significantly greater in 
shoes for both knee extended and knee flexed tasks (p < 0.001 for both bare_ext vs. 
shoe_ext and bare_flex vs. shoe_flex) (Figure 8.8). 
 
Figure 8.8: Comparison of mean MTP flexion angles at the start and end of each heel-drop task. Note: 
Positive values correspond to MTP flexion. * and † denote statistically significant differences. 
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8.3.3. Inverse Dynamics Outputs 
8.3.3.1. Mean Hip and knee moments 
Mean hip adduction moment was significantly different between knee positions when 
shod and barefoot (p < 0.001 for both bare_ext vs. bare_flex and shoe_ext vs. shoe_flex) 
(Figure 8.9). Mean hip flexion moments were different between knee extended and 
flexed versions of the task both in barefoot and shod conditions (bare_ext vs. bare_flex, 
p = 0.025 and shoe_ext vs. shoe_flex, p < 0.001 respectively) (Figure 8.9). 
 
Figure 8.9: Comparison of the mean hip and knee moments for each heel-drop task. Note: Ab/Ad and F/E 
refer to the Ab/Adduction and Flexion/Extension moments respectively. Positive values correspond to 
adduction and hip flexion or knee extension. * denote statistically significant differences. 
Mean knee adduction moment was greatly reduced from an adduction to an abduction 
moment between extended and flexed knee conditions for barefoot and in-shoe 
conditions (p < 0.001 for both bare_ext vs. bare_flex and shoe_ext vs. shoe_flex). 
Similarly, knee flexion moments changed significantly from an extension to flexion 
moment between extended and flexed versions of the task regardless of shoe condition 
(p < 0.001 for both bare_ext vs. bare_flex and shoe_ext vs. shoe_flex). 
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8.3.3.2. Peak Ankle Moments 
Ankle inversion moment was only significantly reduced when wearing shoes with the 
knee flexed (bare_flex vs. shoe_flex, p = 0.021) (Figure 8.10). No differences in ankle 
inversion moment were observed due to knee flexion either when barefoot or shod. 
 
Figure 8.10: Comparison of the peak ankle moments for each heel-drop task. Note: Inv/Ev and F/E refer 
to Ankle Inversion/Eversion and Flexion/Extension moments respectively. Positive values correspond to 
inversion and dorsiflexion. * denotes statistically significant differences. 
Ankle flexion moment was not different between shoe conditions, but was significantly 
reduced with knee flexion for barefoot and in-shoe conditions (bare_ext vs. bare_flex, p 
= 0.023, and shoe_ext vs. shoe_flex, p < 0.001 respectively). 
8.3.4. Load sharing Outputs 
8.3.4.1. Achilles Loads 
The only statistically significant difference observed was between barefoot and shod 
conditions for the flexed knee task (bare_flex vs. shoe_flex, p = 0.022) (Figure 8.11). 
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Figure 8.11: Comparison of peak Achilles tendon loads for each heel-drop task. Note: * denotes 
statistically significant differences. 
8.3.4.2. Triceps Muscle Lengths during different Heel-Drop Exercises 
At peak Achilles force, muscle length of Medial and Lateral heads of Gastrocnemius and 
Plantaris were found to be significantly reduced during the flexed knee task when 
barefoot (p < 0.001 for Medial and Lateral Gastrocnemius and p = 0.001 for Plantaris 
respectively) and in shod conditions (p = 0.002, p = 0.002 and p = 0.019 respectively) 
(Figure 8.12). 
 
Figure 8.12: Comparison of the triceps muscle length at peak Achilles load for flexed and extended knee 
heel-drop tasks when barefoot. Note: * denotes statistically significant differences. 
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Interestingly, a decrease in biarticular muscle length change was observed when the 
knee was flexed (p < 0.001 for both heads of Gastrocnemius, p = 0.01 for Plantaris) when 
barefoot, with no differences in mono-articular muscle length change (p > 0.2) (Figure 
8.13). 
 
Figure 8.13: Comparison of the change in triceps muscle length for flexed and extended knee heel-drop 
tasks when barefoot. Note: * denotes statistically significant differences. 
The minimum relative length of each biarticular muscle was significantly shorter during 
the flexed task only when barefoot (bare_flex vs. shoe_flex, p = 0.006, p = 0.007 and p = 
0.009 for Medial, Lateral Gastrocnemius and Plantaris respectively). However, the 
minimum relative muscle length of Soleus was found to be larger during the flexed knee 
task when barefoot (bare_ext vs. bare_flex, p = 0.003 and p = 0.004 for Medial and 
Lateral Soleus respectively) and in-shoe (shoe_ext vs. shoe_flex, p < 0.001 for both) 
(Figure 8.14). 
The maximum muscle lengths of the biarticular muscles were also reduced during the 
flexed knee task only when barefoot (bare_ext vs. bare_flex, p < 0.001, p = 0.002 and p = 
0.006 for Medial and Lateral Gastrocnemius and Plantaris respectively). Maximum 
relative length of Soleus was increased during the flexed knee task during barefoot 
(bare_ext vs. bare_flex, p = 0.02 for both Medial and Lateral Soleus respectively) and 
shod tasks (shoe_ext vs. shoe_flex, p < 0.001 for both). 
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Figure 8.14: Comparison of the triceps muscle length at minimum and maximum length for each knee 
condition when barefoot. Note: lengths are calculated relative to the whole muscle length derived in the 
static standing position. 
8.4. Summary 
The aim of this chapter was to quantify any differences between the extended and 
flexed knee versions of the recommended eccentric heel-drop exercise. Changes were 
not apparent at first, with most macroscopic outputs such as CoP and range of motion 
suggesting little differences exist between the two versions of the exercise. However, 
changes between the tasks became more apparent as joint moments and muscles 
loading were compared. 
A general observation was that subjects often said that the flexed knee heel drop was 
harder to perform than the extended knee. However, no significant differences in mean 
ML CoP or maximum AP CoP position were observed between flexed and extended knee 
conditions either barefoot or in shoes. 
Aside from external measures, joint angles were used to quantify the different versions 
of the exercise, especially as shoes may impose additional constraints on the ankle 
during this full range of motion task. However, ankle range of motion was not affected 
by the introduction of shoes or different knee positions. However, performing the 
exercise with or without knee flexion resulted in changes in ankle flexion angle and at 
the start and end of the heel drop exercise (Figure 8.15).  
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Figure 8.15: Illustration of the changes in ankle kinematics during the straight knee (solid line) and 
flexed knee (dashed line) heel drop exercise. Note: * denotes a significant change in joint angle 
Performing the exercise with or without shoes changed the inversion angle at the start 
of the heel drop and the MTP angle at the end of the heel drop (Figure 8.16). Ankle 
inversion was greater when barefoot and the MTP joint was in extension when barefoot. 
 
 
Figure 8.16: Illustration of the changes in ankle kinematics when shod (solid line) and barefoot (dashed 
line). Note: * denotes a significant change in joint angle. Left image is with the ankle in maximum 
plantarflexion with the wooden step removed for clarity. 
MTP motion was however reduced when in shoes compared to barefoot, but not 
between knee conditions. However, this reduction in MTP motion may be partially 
attributable to the under-estimate of in-shoe MTP motion using markers placed on the 
* 
* 
* 
* 
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shoe surface, similar to that seen elsewhere (Wolf, et al., 2008). As such, this reduction 
in MTP motion during the in-shoe task should be treated with caution. 
In contrast to the ankle and MTP joints, the hip and knee are supposed to remain fixed 
during the exercise. Therefore, the changes in mean angle at the start and end of the 
task would indicate how much control individuals had during the task. Mean knee and 
hip angles were maintained during the extended knee task for both shoe conditions. 
However, during the flexed knee task, the knee was found to be significantly more 
flexed at the end of the task (at peak dorsiflexion) compared to the start, suggesting the 
flexed knee version of the task was indeed more difficult to perform. Therefore, while 
the ankle and MTP ROMs were consistent between extended and flexed knee tasks 
(within shoe conditions), this secondary part of the task was not always achieved by the 
subjects.  
As expected, mean hip and knee moments were found to be affected by knee flexion. 
During the extended knee conditions, both in shoe and barefoot, moments at the knee 
and hip were found to be balanced, with both joints experiencing an adduction and 
extension moment as expected. However, with knee flexion the hip was observed to be 
significantly more loaded, with increases in both hip flexion and adduction, while the 
knee moments became small flexion and abduction moments (Figure 8.9). The presence 
of an abduction knee moment suggests the knee was medial to the GRF, which would 
imply a significant amount of knee movement medially by subjects to maintain balance 
during the flexed knee task. This is possible, given the observed out of plane hip and 
knee rotations when going from an extended to a flexed knee, suggested the knee was 
being moved medially toward the centreline of the body (more hip adduction) as it 
straightened (less knee adduction) during the flexed knee task. 
Additionally, peak ankle plantarflexion moment was found to decrease with knee flexion 
during both barefoot and in-shoe conditions. As no change in most anterior CoP position 
was observed between extended and flexed knee tasks, this is likely due to the 
increased knee and hip flexion during the flexed knee task. Both of these kinematic 
changes would act to lower the centre of gravity to help maintain balance as subjects 
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tried to keep their centre of mass more anterior, thus reducing the distance between 
their weight and the edge of the wooden block during this noticeably more demanding 
task. These substantial changes in loading of the major joints of the leg, suggest that the 
flexed knee task requires wider consideration beyond the ankle to fully understand the 
exercise being performed.  
Achilles loading is a key outcome measure of this study and the observed reduction in 
peak tendon force with a flexed knee (during the in-shoe exercise) has clinical relevance, 
as the intention of the exercise is to strengthen the Achilles tendon through a protocol 
of progressively increasing loads, achieved by performing the task faster or with a 
weighted backpack. Therefore, the healing potential of any form of the exercise which 
results in a reduction in peak tendon load could be questioned. 
Aside from force, triceps muscle activation patterns are believed to be altered during 
the different versions of the exercise. During the flexed knee task, the Gastrocnemius 
muscle length will be shortened, making it functionally less optimal to produce 
plantarflexion moment, therefore reducing its contribution to the overall Achilles 
tendon force. However, no difference in relative force contribution between 
Gastrocnemius and Soleus were observed. This observation and the underlying 
modelling assumptions related to this are discussed in Chapter 10. 
Additional measures of triceps muscle dynamics calculated include; triceps muscle 
length at peak Achilles load; and maximum and minimum triceps muscle length during 
each cycle and these were compared between conditions. While decreases in muscle 
length at peak Achilles load, as well as maximum and minimum muscle lengths were 
observed for the biarticular Gastrocnemius during the flexed knee exercises, the mono-
articular Soleus muscle length was consistent between knee conditions for each shoe 
condition as expected. It should be emphasised here that muscle lengths were not 
compared between shoe conditions (i.e. extended knee in barefoot vs. in-shoe), as the 
calcaneal landmark was digitised over the landmark during in-shoe trials, and as such 
would have resulted in different muscle lengths. Therefore, comparisons were made 
within shoe conditions as this was of most clinical relevance. Differences in the 
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maximum and minimum muscle lengths were observed between knee conditions and 
this was reflected in the muscle length ranges (i.e. difference between maximum and 
minimum lengths, Figure 8.13), with a flexed knee resulting in less change in the 
biarticular muscles. This was unexpected given the similar ranges of ankle motion seen 
between knee and shoe conditions. Also unexpected was the decrease in biarticular 
muscle length ranges with the knee flexed. So not only are the muscles operating at a 
shorter absolute length when flexed, but the change in length is smaller, despite the 
unchanged range of ankle motion. This can be attributed to the increase in knee flexion 
during the flexed knee task, as a dorsiflexing ankle coupled with a flexing knee will result 
in a smaller biarticular muscle length change than with a fixed knee angle, which was the 
case in the extended knee task. Additionally, the small, but significant increase in 
maximum Soleus muscle length during the flexed knee task should be noted. This was 
likely due to the ankle being in a more dorsiflexed position at the end of flexed 
compared to extended knee task (Figure 8.7). 
 
Figure 8.17: Illustration of the changes in mono-articular (blue lines) and bi-articular (green lines) 
muscle lengths during the extended (solid lines) and flexed (dashed lines) exercises. Left image 
represents the leg at maximum ankle plantarflexion and right iamge at maximum anke dorsiflexion. 
Note: Red box and asterisk denotes significant difference in muscle length due to knee flexion. 
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The demands of the flexed knee task were visibly apparent during data collection. 
However, this manifests as work primarily for hip, and to a lesser extent the knee joint, 
rather than the ankle, as ankle plantarflexion moments were reduced with the knee 
flexed. Performing the exercises in shoes, did not change the subject’s ability to perform 
the task and may have been more comfortable for subjects, but critically resulted in a 
reduction in peak Achilles force during the flexed knee task, which has clinical relevance. 
In summary, this chapter aimed to characterise the biomechanics of different versions of 
the eccentric heel-drop exercise. While outputs such as CoP and ankle ranges of motion 
suggested there were no macroscopic differences between the tasks, changes in joint 
moment and Achilles loading were particularly apparent between versions of the 
exercise. Knee flexion, not shoe condition, was most associated with differences in all 
joint moments, with frontal plane kinematics likely contributing to substantial changes 
in knee and hip joint moments. Increased knee flexion during the flexed knee versions of 
the exercise likely contributed to the decrease in peak plantarflexion moments and peak 
Achilles force, as no changes in CoP position were observed between flexed and 
extended knee tasks. Regarding the triceps, biarticular muscle dynamics were similarly 
affected by knee flexion, with decreases in the change of muscle lengths as well as 
decreases in the absolute maximum and minimum muscle lengths during each cycle of 
the exercise. 
This chapter quantified and summarised the differences in lower limb mechanics during 
the eccentric heel-drop, specifically assessing differences due to wearing running shoes 
or knee flexion. The clinical implications of the results presented here are discussed in 
Chapter 10.  
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Chapter 9: 
Impact of Forceplate-measured vs. Insole-derived CoP Inputs 
On Musculoskeletal Model Outputs 
9.1. Introduction 
Differences in measurements of CoP will change the line of action of the GRF. This is 
important in this study since such differences will influence the predicted joint and 
muscle forces and as such could be a potential source of error. This chapter is an 
investigation of CoP variation due to different measurement approaches and the 
implications of such variations on the modelling outputs used in this thesis. This will then 
inform the decision to incorporate an additional and independent toe segment in the 
model, as without statistically significant or clinically relevant differences, the 
inconvenience and extra assumptions associated with the addition of an additional toe 
segment could be avoided. 
Therefore, the aim of this chapter is to identify the accuracy of forceplates in measuring 
CoP of the foot in the shoe. 
9.2. Methodology 
Shod walking (walking without heel wedges in the running shoes) data was used to 
assess the impact of CoP on model outputs. This utilised the optical motion data 
captured during shod walking on both a level and inclined surface (Chapters 5-7) to 
provide identical kinematic inputs for the different combinations of CoP input. The 
variations of CoP are defined as follows: 
 direct measures of CoP from the forceplate, referred to as “Forceplate” in the 
subsequent results section, representing the inputs for a single segment foot 
model using external measures as the input; 
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 derived measures of CoP from the entire sensing area of the PedarX insoles, 
referred to as “Whole Insole” in the subsequent results section, representing the 
inputs for a single segment foot model using in-shoe measures as the input; and 
 derived measures of CoP from the two areas defined in Chapter 2, referred to as 
“Split Insole” in the subsequent results section, representing the inputs for a two 
segment foot model using the in-shoe measures as the input. 
The effects of different measures of CoP on model outputs were quantified. Outputs 
compared were CoP, inter-segmental moments and muscle forces obtained through 
load-sharing. Statistical comparisons consisted of a paired t-test for CoP measures and a 
2-way ANOVA for the inter-segmental moments and muscle forces, with the level of 
significance set at 0.05. The reason for not using a 2-way ANOVA to compare CoP was 
because it was not appropriate to compare the Split Insole results with other measures, 
as by definition the CoP values for this condition are divided between the hindfoot and 
toe segments modelled. 
This evaluation is useful as it provides two interesting comparisons. Firstly, whether or 
not forceplate-measured values result in different model outputs compared to the 
insole-derived equivalent, when used as inputs to a single segment foot model. 
Secondly, and more relevant to this thesis, is whether or not a two segment foot 
provides different outputs to a single segment foot when using the same insole-derived 
CoP values, except split into two independent CoP inputs in the case of the two segment 
foot model, as described in Chapter 2. 
9.3. Results 
9.3.1. Level Walking 
9.3.1.1. CoP Differences 
Differences in all measures of CoP were observed between forceplate-measured and 
insole-derived measures (Table 9.1). A significantly more posterior CoP position was 
obtained from Forceplate compared to Whole Insole inputs. Despite the more posterior 
heel-strike position, at push-off, the most anterior position was greater with Forceplate 
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compared to Whole Insole inputs. Finally, net CoP travel per step was greater with 
Forceplate compared to Whole Insole inputs. 
 Forceplate Whole Insole p-value 
Most Posterior CoP -0.31±0.09 -0.03±0.08 <0.001 
Most Anterior CoP 0.98±0.05 0.76±0.07 <0.001 
CoP travel per step 1.29±0.09 0.79±0.11 <0.001 
Table 9.1: Comparison of CoP measurements from the forceplate and PedarX insoles during shod level 
walking. Note: values are normalised to foot length. 
9.3.1.2. Inverse Dynamics 
A general observation regarding the ensemble-averaged hip, knee and ankle joint 
flexion/extension moments was that from heel-strike to weight-acceptance, both insole-
derived outputs appear closely related and distinct from forceplate-based inputs. 
However, beyond weight-acceptance, this is no longer the case, as split insole and 
forceplate curves follow a similar trend compared to whole insole outputs (Table 9.2, 
Table 9.3 and Figure 9.1). 
  CoP Input p-values 
Peak Moment 
[Nm/(BW*ht)] 
Time-
point 
Forceplate 
Whole  
Insole 
Split Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Hip 
HS 0.80±0.35 0.92±0.35 0.89±0.38 - - - 
PO -0.71±0.41 -0.73±0.45 -0.70±0.44 - - - 
Add1 0.79±0.12 0.77±0.14 0.81±0.14 - - - 
Add2 0.78±0.16 0.73±0.11 0.75±0.10 - - - 
Knee 
HS 0.25±0.12 0.29±0.12 0.30±0.14 - - - 
WA -0.31±0.11 -0.24±0.11 -0.31±0.12 - - - 
PO 0.10±0.08 0.15±0.10 0.10±0.11 - - - 
TO -0.13±0.10 -0.28±0.15
 
-0.16±0.12
 
<0.001 - < 0.001 
Add1 0.22±0.07 0.21±0.08 0.24±0.08 - - - 
Add2 0.20±0.09 0.17±0.07 0.19±0.06 - - - 
Ankle 
Dorsi 0.15±0.05
 
0.05±0.05
 
0.10±0.05
 
<0.001 0.002 <0.001 
Plant -0.74±0.12 -0.77±0.09 -0.76±0.11 - - - 
Inv 0.10±0.04 0.11±0.04 0.08±0.04 - - - 
Table 9.2: Comparison of inter-segmental moments from different CoP Inputs during shod level walking. 
Note: values are displayed as mean ± s.d. HS – Heel-strike, WA – Weight-acceptance, PO – Push-off, TO – 
Toe-off, Add1 – First adduction peak, Add2 – Second adduction peak, Dorsi – Peak dorsiflexion moment, 
Plant – Peak plantarflexion moment, Inv – Peak inversion moment. 
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  CoP Input p-values 
Time to peak 
[% stance] 
Time-
point 
Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole vs. 
Split 
Insole 
Hip 
HS 5±4 7±4 6±4 - - - 
PO 82±2 85±2 83±2 <0.001 - <0.001 
Add1 27±5 28±5 26±6 - - - 
Add2 78±2 77±3 77±2 - - - 
Knee 
HS 2±1 3±2 3±2 - - - 
WA 26±3 25±3 26±4 - - - 
PO 68±5 68±4 70±5 - - - 
TO 91±0 93±2 92±2 <0.001 - 0.012 
Add1 25±4 25±5 25±5 - - - 
Add2 77±7 74±9 75±6 - - - 
Ankle 
Dorsi 11±2 14±5 16±4 0.018 <0.001 0.003 
Plant 80±1 78±1 80±1 <0.001 - <0.001 
Inv 50±23 46±27 42±24 - - - 
Table 9.3: Comparison of time to peak inter-segmental moments from different CoP Inputs during shod 
level walking. Note: values are displayed as mean ± s.d. HS – Heel-strike, WA – Weight-acceptance, PO – 
Push-off, TO – Toe-off, Add1 – First adduction peak, Add2 – Second adduction peak, Dorsi – Peak 
dorsiflexion moment, Plant – Peak plantarflexion moment, Inv – Peak inversion moment. 
No changes in the magnitude of peak moment hip due to different CoP inputs were 
statistically significant. Only time to peak hip flexion at push-off showed significant delay 
with the Whole Insole inputs compared to Forceplate and Split Insole inputs. Adduction 
moments showed no differences in magnitude or time to peak moments with the 
different CoP inputs. 
Knee moments showed more variation with different CoP inputs, however, only flexion 
moment at toe-off was significantly greater when using Whole Insole inputs, compared 
to both Split Insole and Forceplate inputs. Time to peak flexion moment at toe-off was 
significantly delayed for Whole Insole inputs compared to Forceplate and Split Insole 
inputs. 
Ankle moments were greatly affected by the different CoP inputs, with significant 
differences observed for magnitude of peak dorsiflexion moment between Forceplate 
and insole-derived inputs, as well as time to peak dorsiflexion and plantarflexion 
moments. Time to peak dorsiflexion moments were progressively delayed from 
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Forceplate to Whole Insole to Split Insole. Time to peak plantarflexion moment was 
different between Whole Insole and both Split Insole and Forceplate inputs. 
 
Figure 9.1: Hip (A), Knee (B) and Ankle (C) inter-segmental moments calculated using forceplate-
measured, whole insole-derived and split insole-derived CoPs during shod level walking. Note: Solid 
lines represent flexion/extension moments and dashed lines represent abduction/adduction moments. 
Positive values represent extension and adduction for the hip and knee and dorsiflexion and inversion for 
the ankle. Black lines correspond to Split Insole inputs, grey lines to Whole Insole inputs and red lines to 
Forceplate inputs. * denotes significant difference in moment magnitude between Forceplate and Whole 
Insole, ^ between Whole Insole and Split Insole and # between Forceplate and Split Insole. 
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9.3.1.3. Muscle and Joint Forces 
A summary of the changes in loading of individual muscles, the overall Achilles tendon 
and ankle joint reaction forces are provided in Table 9.4, Table 9.5 and Figure 9.2. 
  CoP Input p-values 
Peak Force 
[BW] 
Muscle Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Triceps 
Surae 
SolMed 1.17±0.32 1.24±0.28 1.16±0.27 - - - 
SolLat 0.54±0.32 0.45±0.33 0.55±0.33 - - - 
GastMed 0.66±0.18 0.70±0.16 0.66±0.16 - - - 
GastLat 0.19±0.07 0.18±0.08 0.20±0.07 - - - 
Achilles 2.39±0.60 2.51±0.56 2.47±0.61 - - - 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.40±0.23 0.09±0.13 0.29±0.27 <0.001 0.031 <0.001 
PeroT 0.14±0.06 0.03±0.03 0.09±0.06 <0.001 0.004 <0.001 
TibAnt 0.74±0.27 0.36±0.15 0.53±0.22 <0.001 0.001 <0.001 
TibPost 0.36±0.14 0.38±0.14 0.31±0.13 - - - 
Invertor/ 
Evertors 
(2
nd
 half of 
stance) 
PeroB/L 0.11±0.18 0.15±0.13 0.06±0.10 - - - 
PeroT 0.01±0.01 0.03±0.02 0.00±0.01 0.005 0.058 <0.001 
TibAnt 0.38±0.19 0.40±0.17 0.33±0.15 - - - 
TibPost 0.60±0.29 0.62±0.30 0.53±0.23 - - - 
Toes 
EDL 0.13±0.06 0.03±0.03 0.09±0.06 <0.001 0.005 <0.001 
EHL 0.13±0.06 0.04±0.03 0.08±0.05 <0.001 0.004 <0.001 
FDL 0.05±0.02 0.05±0.02 0.04±0.02 - - - 
FHL 0.47±0.24 0.49±0.24 0.42±0.18 - - - 
Ankle JRF  4.79±1.05 5.00±0.92 4.69±0.83 - - - 
Table 9.4: Comparison of muscle and joint forces during shod level walking with different CoP inputs. 
Note: values are presented as mean ± s.d. 
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   CoP Input p-values 
Time to peak 
[% stance] 
Muscle Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole vs. 
Split 
Insole 
Triceps 
Surae 
SolMed 76±4 77±2 78±1 - - - 
SolLat 82±3 79±20 81±20 - - - 
GastMed 76±4 77±2 78±1 - - - 
GastLat 85±5 76±18 81±3 - - - 
Achilles 80±1 79±1 80±1 <0.001 - <0.001 
Invertor/ 
Evertors  
(1
st
 half of 
stance) 
PeroB/L 9±3 15±11 19±8 0.042 <0.001 0.043 
PeroT 10±2 15±9 17±2 0.029 <0.001 - 
TibAnt 11±2 25±15 17±3 <0.001 <0.001 0.034 
TibPost 48±8 41±12 44±11 - - - 
Invertor/ 
Evertors  
(2
nd
 half of 
stance) 
PeroB/L 95±8 97±4 94±8 - - - 
PeroT 97±7 98±3 96±7 - - - 
TibAnt 71±7 78±9 76±7 0.022 - - 
TibPost 72±6 74±4 74±3 - - - 
Toes 
EDL 10±2 14±9 17±3 0.031 <0.001 - 
EHL 10±2 15±4 16±2 <0.001 <0.001 - 
FDL 73±6 71±15 74±3 - - - 
FHL 73±6 71±15 75±3 - - - 
Ankle JRF  78±2 77±2 78±1 - - - 
Table 9.5: Comparison of time to peak muscle and joint force during shod level walking with different 
CoP inputs. Note: values are presented as mean ± s.d. 
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Figure 9.2: Triceps (A), Invertor/Evertor (B) and Toe (C) muscle forces derived from forceplate-
measured, whole insole-derived and split insole-derived CoPs during shod level walking. Note: Solid lines 
represent Split Insole inputs, dashed lines represent Whole Insole inputs and dotted inputs represent 
Forceplate inputs. 
Overall Achilles tendon force was not significantly affected by different CoP inputs 
during level walking (Figure 9.3). However, time to peak Achilles load was significantly 
earlier with Whole Insole inputs compared to both Split Insole and Forceplate. 
A) 
B) 
C) 
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Figure 9.3: Overall Achilles tendon force derived from forceplate-measured, whole insole-derived and 
split insole-derived CoPs during shod level walking. Note: * denotes significant difference in time to peak 
force between Forceplate and Whole Insole, ^ between Whole Insole and Split Insole. 
Despite the statistically significant change in time to peak Achilles force, triceps muscle 
loading was not found to be significantly affected by different CoP inputs. 
Invertor/Evertor muscles were more affected by CoP input, with changes in magnitude 
and time to peak force for Peroneus Brevis/Longus, Tertius and Tibialis Anterior during 
the first half of stance. Peak muscle force occurred significantly earlier with Forceplate 
inputs compared to Split Insole inputs for Peroneus Brevis/Longus and Peroneus Tertius. 
Peak Tibialis Anterior force was also significantly earlier with Forceplate inputs 
compared to both Whole Insole and Split Insole inputs. Magnitude of peak force was 
significantly lower using Whole Insole inputs for Peroneus Brevis/Longus, Tertius and 
Tibialis Anterior compared to Split Insole inputs and Forceplate inputs. 
During the second half of stance, only Peroneus Tertius showed difference in magnitude 
of peak force with Whole Insole inputs resulting in the largest peak force compared to 
Split Insole and Forceplate inputs. Tibialis Anterior was the only muscle to show any 
change in time to peak force, with Forceplate inputs resulting in an earlier peak. 
Only the extensor muscles of the toes were affected by CoP input, with increasing peak 
force from Whole Insole to Split Insole to Forceplate inputs for EDL and EHL. Time to 
peak toe extensor force followed a similar trend with progressively earlier peaks from 
Whole Insole to Split Insole to Forceplate inputs for EDL and EHL. 
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Peak ankle JRF were not significantly affected by CoP input, with similar peak joint 
reaction forces and time to peak joint reaction forces for all three inputs (Figure 9.4). 
 
Figure 9.4: Ankle joint reaction forces derived from forceplate-measured, whole insole-derived and split 
insole-derived CoPs during shod level walking 
9.3.2. Uphill Walking 
9.3.2.1. CoP Differences 
All measures of CoP were different between forceplate-measured and insole-derived 
outputs (Table 9.6). A significantly more posterior CoP position was again obtained from 
Forceplate compared to Whole Insole inputs. At push-off, the most anterior position was 
greater with Forceplate compared to Whole Insole inputs, which resulted in the greater 
net CoP travel per step with Forceplate compared to Whole Insole inputs. 
 Forceplate Whole Insole p-value 
Most Posterior CoP -0.25±0.13 0.02±0.06 <0.001 
Most Anterior CoP 1.08±0.06 0.77±0.07 <0.001 
CoP travel per step 1.33±0.17 0.75±0.08 <0.001 
Table 9.6: Comparison of CoP measurements from the forceplate and PedarX insoles during shod uphill 
walking. Note: values are normalised to foot length. 
9.3.2.2. Inverse Dynamics 
In contrast to level walking ensemble-averaged hip, knee and ankle joint 
flexion/extension moments did not follow any consistent trend, except that for all three 
joints, Split Insole and Forceplate outputs were similar from push-off, which is where 
Achilles load is highest (Table 9.7, Table 9.8 and Figure 9.5). 
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  CoP Input p-values 
Peak Moment 
[Nm/(BW*ht)] 
Time-
point 
Forceplate 
Whole  
Insole 
Split Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Hip 
HS 1.05±0.32 1.12±0.34 1.06±0.35 - - - 
PO -0.65±0.60 -0.77±0.58 -0.70±0.59 - - - 
Add1 0.75±0.11 0.65±0.13 0.69±0.12 - - - 
Add2 0.61±0.11 0.57±0.14 0.62±0.13 - - - 
Knee 
HS 0.14±0.09 0.17±0.10 0.18±0.11 - - - 
WA -0.40±0.15 -0.36±0.13 -0.41±0.14 - - - 
PO 0.20±0.12 0.21±0.12 0.16±0.14 - - - 
TO -0.08±0.12 -0.25±0.14 -0.12±0.13 <0.001 <0.001 < 0.001 
Add1 0.19±0.06 0.14±0.06 0.16±0.06 <0.001 -0.002 <0.001 
Add2 0.14±0.06 0.13±0.07 0.14±0.08 - - - 
Ankle 
Dorsi 0.05±0.03 0.00±0.03 0.02±0.03 <0.001 0.022 <0.001 
Plant -0.86±0.10 -0.85±0.10 -0.85±0.11 - - - 
Inv 0.09±0.06 0.11±0.05 0.09±0.04 - - - 
Table 9.7: Comparison of inter-segmental moments from different CoP Inputs during shod uphill 
walking. Note: values are displayed as mean ± sd, HS – Heel-strike, WA – Weight-acceptance, PO – Push-
off, TO – Toe-off, Add1 – First adduction peak, Add2 – Second adduction peak, Dorsi – Peak dorsiflexion 
moment, Plant – Peak plantarflexion moment, Inv – Peak inversion moment. 
Differences in hip loading were observed with different CoP inputs, with Whole Insole 
outputs generally being marginally greater than either Forceplate or Split Insole outputs. 
However, none of the time points considered showed any difference in magnitude of 
peak moment. Only time to peak hip flexion at push-off showed significant delay with 
the Whole Insole inputs compared to Forceplate and Split Insole outputs. Adduction 
moments showed no differences in magnitude or time to peak moments with the 
different CoP inputs. 
Knee moments showed more variation with different CoP inputs, with significantly 
different toe-off flexion moments between all three inputs, with Whole Insole resulting 
in the largest flexion moment and Forceplate resulting in the smallest. First adduction 
moments showed similar differences between all inputs, with the largest knee adduction 
moment from Forceplate outputs and the smallest from Whole Insole outputs. No time 
to any of the peak knee moments considered here were significantly affected by the CoP 
inputs. 
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Figure 9.5: Hip (A), Knee (B) and Ankle (C) joint moments calculated using forceplate-measured, whole 
insole-derived and split insole-derived CoPs during shod uphill walking. Note: Solid lines represent 
extension moments and dashed lines represent adduction moments. Positive values represent extension 
and adduction for the hip and knee and dorsiflexion and inversion for the ankle. Black lines correspond to 
Split Insole inputs, grey lines to Whole Insole inputs and red lines to Forceplate inputs. * denotes significant 
difference in moment magnitude between Forceplate and Whole Insole, ^ between Whole Insole and Split 
Insole and # between Forceplate and Split Insole. 
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  CoP Input p-values 
Time to peak 
[% stance] 
Time-
point 
Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole vs. 
Split 
Insole 
Hip 
HS 14±7 14±7 14±8 - - - 
PO 85±2 86±3 84±2 0.002 - 0.001 
Add1 30±4 32±4 33±5 - - - 
Add2 73±8 71±10 71±10 - - - 
Knee 
HS 4±1 4±1 4±1 - - - 
WA 24±4 23±3 24±3 - - - 
PO 72±5 69±6 71±5 - - - 
TO 94±2 95±2 94±2 - - - 
Add1 31±6 34±9 35±6 - - - 
Add2 68±13 68±14 66±12 - - - 
Ankle 
Dorsi 6±4 5±5 10±6 - <0.001 0.002 
Plant 79±3 78±3 79±3 - - - 
Inv 54±22 47±24 47±22 - - - 
Table 9.8: Comparison of time to peak inter-segmental moments from different CoP Inputs during shod 
uphill walking. Note: values are displayed as mean ± s.d. HS – Heel-strike, WA – Weight-acceptance, PO – 
Push-off, TO – Toe-off, Add1 – First adduction peak, Add2 – Second adduction peak, Dorsi – Peak 
dorsiflexion moment, Plant – Peak plantarflexion moment, Inv – Peak inversion moment. 
Ankle moments were largely unaffected by the different CoP inputs, with significant 
differences observed at peak ankle dorsiflexion both in terms of peak moment and time 
to peak moment. Largest dorsiflexion moment was found with Forceplate inputs and 
smallest with Whole Insole inputs. Time to peak dorsiflexion moments for Split Insole 
occurred significantly later than Whole Insole and Forceplate.  
9.3.2.3. Muscle and Joint Forces 
A summary of the changes in loading of individual muscles, the overall Achilles tendon 
and ankle joint reaction forces are provided in Table 9.9, Table 9.10 and Figure 9.6. 
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  CoP Input p-values 
Peak Force 
[BW] 
Muscle Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Triceps 
Surae 
SolMed 1.32±0.23 1.37±0.23 1.30±0.26 - - - 
SolLat 0.78±0.39 0.68±0.37 0.77±0.35 - - - 
GastMed 0.74±0.12 0.76±0.13 0.72±0.15 - - - 
GastLat 0.25±0.08 0.24±0.08 0.24±0.08 - - - 
Achilles 3.00±0.56 2.99±0.65 2.98±0.69 - - - 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.26±0.20 0.05±0.05 0.10±0.11 <0.001 0.002 0.047 
PeroT 0.05±0.03 0.01±0.01 0.02±0.03 <0.001 0.007 0.009 
TibAnt 0.30±0.14 0.27±0.12 0.26±0.11 - - - 
TibPost 0.33±0.15 0.41±0.18 0.33±0.15 - - - 
Invertor/ 
Evertors 
(2
nd
 half of 
stance) 
PeroB/L 0.11±0.13 0.14±0.11 0.09±0.10 - - - 
PeroT 0.01±0.01 0.02±0.02 0.01±0.00 0.008 - 0.003 
TibAnt 0.36±0.21 0.37±0.17 0.31±0.14 - - - 
TibPost 0.57±0.33 0.58±0.27 0.50±0.21 - - - 
Toes 
EDL 0.05±0.03 0.01±0.01 0.02±0.03 <0.001 0.007 0.009 
EHL 0.04±0.03 0.01±0.01 0.02±0.02 <0.001 0.017 0.004 
FDL 0.04±0.03 0.04±0.02 0.04±0.02 - - - 
FHL 0.44±0.27 0.45±0.21 0.39±0.17 - - - 
Ankle JRF  5.37±0.87 5.49±0.83 5.17±0.86 - - - 
Table 9.9: Comparison of muscle and joint forces during shod uphill walking with different CoP inputs. 
Note: values are presented as mean ± s.d. 
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  CoP Input p-values 
Time to peak 
[% stance] 
Muscle Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole vs. 
Split 
Insole 
Triceps Surae 
SolMed 76±5 76±4 77±4 - - - 
SolLat 81±10 74±20 83±5 - - - 
GastMed 77±5 77±3 78±4 - - - 
GastLat 80±4 79±4 80±3 - - - 
Achilles 78±3 77±3 79±3 - - - 
Invertor/ 
Evertors  
(1
st
 half of 
stance) 
PeroB/L 11±9 18±17 17±15 - - - 
PeroT 8±5 10±13 12±9 - - - 
TibAnt 23±21 38±11 30±15 0.006 - 0.015 
TibPost 47±10 43±9 43±10 - - - 
Invertor/ 
Evertors  
(2
nd
 half of 
stance) 
PeroB/L 92±9 92±10 94±7 - - - 
PeroT 94±8 98±4 96±6 - - - 
TibAnt 70±8 73±11 69±9 - - - 
TibPost 70±9 72±7 72±7 - - - 
Toes 
EDL 8±5 9±12 10±7 - - - 
EHL 7±5 9±7 11±7 - - - 
FDL 69±15 70±12 70±11 - - - 
FHL 71±9 68±14 72±9 - - - 
Ankle JRF  77±4 77±3 77±3 - - - 
Table 9.10: Comparison of time to peak muscle and joint forces during shod uphill walking with 
different CoP inputs. Note: values are presented as mean ± s.d. 
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Figure 9.6: Triceps (A), Invertor/Evertor (B) and Toe (C) muscle forces derived from forceplate-measured, 
whole insole-derived and split insole-derived CoPs during shod uphill walking. Note: Solid lines represent 
Split Insole inputs, dashed lines represent Whole Insole inputs and dotted inputs represent Forceplate 
inputs. 
Both time to peak and the magnitude of peak Achilles force was not affected by CoP 
input during uphill walking (see Figure 9.7). Similar to overall Achilles loading, both 
magnitude and time to peak triceps muscle force were not affected by CoP input (Figure 
9.6). 
A) 
B) 
C) 
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Figure 9.7: Overall Achilles tendon force derived from forceplate-measured, whole insole-derived and 
split insole-derived CoPs during shod uphill walking 
Invertor/Evertor muscles were more noticeably affected by CoP input in the first half of 
stance, with changes in peak Peroneus Brevis/Longus and Tertius force and time to peak 
Tibialis Anterior force all reaching statistical significance. Forceplate inputs resulted in 
the highest Peroneus Brevis/Longus forces compared to Whole Insole and Split Insole 
inputs. Changes in Peroneus Tertius were different between all inputs, with Forceplate 
inputs predicting the highest, Split Insole the next highest and Whole Insole inputs the 
smallest. Time to peak Tibialis Anterior was significantly later with Whole Insole inputs 
compared to Split Insole and Forceplate inputs. During the second half of stance, peak 
Peroneus Tertius force was significantly greater with Whole Insole inputs compared to 
either Split Insole or Forceplate inputs. 
Toe muscles were also affected by CoP input, with differences only between Forceplate 
and Split Insole inputs reaching significance for peak EDL and EHL force. However, time 
to peak toe extensor force was more variable with Whole Insole inputs being 
significantly later and more variable than Split Insole and Forceplate inputs. 
Peak ankle JRF were not significantly affected by CoP input during uphill walking, with 
similar peak joint reaction forces and time to peak joint reaction forces for all three 
inputs (Table 9.9, Table 9.10 and Figure 9.8). 
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Figure 9.8: Ankle joint reaction forces derived from forceplate-measured, whole insole-derived and split 
insole-derived CoPs during shod uphill walking. 
9.3.3. Downhill Walking 
9.3.3.1. CoP Differences 
As with level and uphill walking, CoP differences were observed for all points considered 
between forceplate and insole measures (Table 9.11). A more posterior CoP at heel-
strike coupled with a more anterior CoP position at push-off, resulted in the overall 
increase in CoP travel per step when using forceplate-measured inputs compared to 
insoles-derived measures of CoP. 
 Forceplate Whole Insole p-value 
Most Posterior CoP -0.39±0.13 -0.00±0.06 <0.001 
Most Anterior CoP 1.04±0.06 0.80±0.08 <0.001 
CoP travel per step 1.42±0.14 0.80±0.10 <0.001 
Table 9.11: Comparison of CoP measurements from the forceplate and PedarX insoles during shod 
downhill walking. Note: values are normalised to foot length. 
9.3.3.2. Inverse Dynamics 
. During downhill walking, lower limb joint moments were largely unaffected by CoP 
input, with only the magnitude and time to peak ankle dorsiflexion moment reaching 
statistical significance (Table 9.12, Table 9.13 and Figure 9.9). 
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  CoP Input p-values 
Peak Moment 
[Nm/(BW*ht)] 
Time-
point 
Forceplate 
Whole  
Insole 
Split Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Hip 
HS 0.90±0.47 1.00±0.48 1.01±0.47 - - - 
PO -0.92±0.16 -0.92±0.16 -0.86±0.14 - - - 
Add1 0.99±0.28 0.94±0.28 0.98±0.28 - - - 
Add2 0.65±0.17 0.63±0.18 0.63±0.16 - - - 
Knee 
HS 0.21±0.11 0.28±0.13 0.29±0.13 - - - 
WA -0.59±0.19 -0.58±0.17 -0.64±0.18 - - - 
PO -0.23±0.11 -0.27±0.14 -0.27±0.14 - - - 
TO -0.39±0.11 -0.47±0.15 -0.40±0.11 - - - 
Add1 0.25±0.10 0.22±0.12 0.24±0.12 - - - 
Add2 0.12±0.07 0.11±0.08 0.11±0.06 - - - 
Ankle 
Dorsi 0.19±0.05
 
0.07±0.07 0.09±0.07 <0.001 <0.001 0.023 
Plant -0.62±0.08 -0.58±0.07 -0.62±0.09 - - - 
Inv 0.10±0.03 0.11±0.05 0.09±0.05 - - - 
Table 9.12: Comparison of inter-segmental moments from different CoP Inputs during shod downhill 
walking. Note: values are displayed as mean ± sd, * denotes significant difference between Forceplate and 
Whole Insole, ^ between Whole Insole and Split Insole and # between Forceplate and Split Insole inputs. HS 
– Heel-strike, WA – Weight-acceptance, PO – Push-off, TO – Toe-off, Add1 – First adduction peak, Add2 – 
Second adduction peak, Dorsi – Peak dorsiflexion moment, Plant – Peak plantarflexion moment, Inv – Peak 
inversion moment. 
  CoP Input p-values 
Time to peak 
[% stance] 
Time-
point 
Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole vs. 
Split 
Insole 
Hip 
HS 8±7 8±5 9±4 - - - 
PO 82±2 83±2 82±2 - - - 
Add1 25±7 27±7 24±4 - - - 
Add2 74±9 73±10 69±12 - - - 
Knee 
HS 3±1 3±1 3±2 - - - 
WA 29±5 30±5 29±5 - - - 
PO 57±6 59±9 62±11 - - - 
TO 91±1 92±1 91±1 - - - 
Add1 23±5 23±6 22±4 - - - 
Add2 66±12 63±12 64±11 - - - 
Ankle 
Dorsi 10±2 12±5 15±5 - <0.001 0.001 
Plant 81±1 81±1 81±1 - - - 
Inv 35±16 39±23 29±13 - - - 
Table 9.13: Comparison of time to peak inter-segmental moments from different CoP Inputs during shod 
downhill walking. Note: values are displayed as mean ± s.d. HS – Heel-strike, WA – Weight-acceptance, PO 
– Push-off, TO – Toe-off, Add1 – First adduction peak, Add2 – Second adduction peak, Dorsi – Peak 
dorsiflexion moment, Plant – Peak plantarflexion moment, Inv – Peak inversion moment. 
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Figure 9.9: Hip (A), Knee (B) and Ankle (C) joint moments calculated using forceplate-measured, whole 
insole-derived and split insole-derived CoPs during shod downhill walking. Note: Solid lines represent 
extension moments and dashed lines represent adduction moments. Positive values represent extension 
and adduction for the hip and knee and dorsiflexion and inversion for the ankle. Black lines correspond to 
Split Insole inputs, grey lines to Whole Insole inputs and red lines to Forceplate inputs. * denotes significant 
difference in moment magnitude between Forceplate and Whole Insole, ^ between Whole Insole and Split 
Insole and # between Forceplate and Split Insole. 
General trends were still observed across all three joints, with Whole Insole and Split 
Insole moments showing much more consistency until weight-acceptance, where no 
consistent change was exhibited by any pair of inputs (Figure 9.9). However, from push-
off, a noticeable difference between Whole Insole inputs and both Split Insole and 
HS WA PO TO 
# 
^ * 
A) 
B) 
C) 
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Forceplate inputs can be seen, with greater hip and knee flexion and less ankle 
plantarflexion predicted by Whole Insole inputs compared to either Forceplate or Split 
Insole inputs. 
Forceplate inputs resulted in highest dorsiflexion moments compared to either Whole 
Insole or Split Insole inputs. However, Split Insole and Whole Insole inputs were also 
significantly different with Split Insoles resulting in greater dorsiflexion than Whole 
Insole inputs. Time to peak ankle dorsiflexion was later with Split Insole inputs compared 
to either Whole Insole or Forceplate inputs. 
9.3.3.3. Muscle and Joint Forces 
A summary of the changes in loading of individual muscles, the overall Achilles tendon 
and ankle joint reaction forces are provided in Table 9.14 and Table 9.15. 
  CoP Input p-values 
Peak Force 
[BW] 
Muscle Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Triceps 
Surae 
SolMed 1.04±0.22 1.00±0.25 0.96±0.23 - - - 
SolLat 0.42±0.24 0.34±0.29 0.53±0.23 - - - 
GastMed 0.57±0.11 0.55±0.12 0.53±0.12 - - - 
GastLat 0.17±0.04 0.16±0.04 0.17±0.04 - - - 
Achilles 2.15±0.41 2.00±0.40 2.15±0.48 - - - 
Invertor/ 
Evertors 
(1
st
 half of 
stance) 
PeroB/L 0.81±0.44 0.26±0.26 0.38±0.30 <0.001 <0.001 0.017 
PeroT 0.19±0.06 0.07±0.06 0.09±0.07 <0.001 <0.001 0.032 
TibAnt 0.97±0.26 0.53±0.25 0.56±0.25 <0.001 <0.001 - 
TibPost 0.43±0.15 0.45±0.24 0.37±0.21 - - - 
Invertor/ 
Evertors 
(2
nd
 half of 
stance) 
PeroB/L 0.08±0.06 0.13±0.10 0.06±0.08 0.007 0.047 <0.001 
PeroT 0.01±0.01 0.03±0.01 0.01±0.08 <0.001 0.013 <0.001 
TibAnt 0.31±0.11 0.32±0.11 0.26±0.10 - - - 
TibPost 0.49±0.16 0.49±0.19 0.41±0.16 - - - 
Toes 
EDL 0.19±0.06 0.07±0.06 0.09±0.07 <0.001 <0.001 0.031 
EHL 0.18±0.05 0.07±0.06 0.09±0.06 <0.001 <0.001 0.032 
FDL 0.04±0.01 0.04±0.02 0.04±0.02 - - - 
FHL 0.40±0.11 0.41±0.16 0.34±0.14 - - - 
Ankle JRF  4.02±0.64 3.91±0.59 3.82±0.64 - - - 
Table 9.14: Comparison of muscle and joint forces during shod downhill walking with different CoP 
inputs. Note: values are presented as mean ± s.d. 
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  CoP Input p-values 
Time to peak 
[% stance] 
Muscle Forceplate 
Whole  
Insole 
Split 
Insole 
Forceplate 
vs. Whole 
Insole 
Forceplate 
vs. Split 
Insole 
Whole 
Insole 
vs. Split 
Insole 
Triceps 
Surae 
SolMed 80±3 78±9 78±8 - - - 
SolLat 85±4 77±24 85±2 - - - 
GastMed 79±3 77±11 76±12 - - - 
GastLat 81±2 82±2 82±1 - - - 
Achilles 81±1 81±1 82±1 - - - 
Invertor/ 
Evertors  
(1
st
 half of 
stance) 
PeroB/L 9±3 18±11 16±6 0.005 0.001 - 
PeroT 10±2 15±6 16±3 0.004 <0.001 - 
TibAnt 10±2 20±11 19±9 0.001 <0.001 - 
TibPost 40±9 37±11 38±10 - - - 
Invertor/ 
Evertors  
(2
nd
 half of 
stance) 
PeroB/L 99±5 99±5 95±12 - - - 
PeroT 100±1 97±11 97±12 - - - 
TibAnt 73±15 71±15 69±15 - - - 
TibPost 70±14 75±12 73±13 - - - 
Toes 
EDL 10±2 15±7 17±6 0.005 <0.001 - 
EHL 10±2 13±4 16±3 <0.001 <0.001 <0.001 
FDL 60±23 58±26 58±25 - - - 
FHL 65±22 61±25 61±24 - - - 
Ankle JRF  80±3 80±1 80±2 - - - 
Table 9.15: Comparison of time to peak muscle and joint forces during shod downhill walking with 
different CoP inputs. Note: values are presented as mean ± s.d  
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Figure 9.10: Triceps (A), Invertor/Evertor (B) and Toe (C) muscle forces derived from forceplate-
measured, whole insole-derived and split insole-derived CoPs during shod downhill walking. Note: Solid 
lines represent Split Insole inputs, dashed lines represent Whole Insole inputs and dotted inputs represent 
Forceplate inputs. 
Neither overall Achilles load or individual triceps muscle were significantly affected by 
CoP input during downhill walking (see Figure 9.11 and Figure 9.10). 
 
A) 
B) 
C) 
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Figure 9.11: Overall Achilles tendon force derived from forceplate-measured, whole insole-derived and 
split insole-derived CoPs during shod downhill walking 
Invertor/Evertor muscles showed differences due to CoP input throughout stance 
(Figure 9.10). During the first half of stance, Peroneus Brevis/Longus, Tertius and Tibialis 
Anterior all showed greater peak force with Forceplate inputs compared to Whole Insole 
or Split Insole inputs. Differences in peak Peroneus Brevis/Longus force were also 
significant between Whole Insole and Split Insole inputs. Similar to the magnitude of 
peak force, time to peak force for the same three muscles was also consistently earlier 
with Forceplate inputs compared to Whole Insole or Split Insole inputs. During the 
second half of stance peak Peroneus Brevis/Longus force was significantly higher with 
Whole Insole inputs compared to either Split Insole or Forceplate inputs. Peroneus 
Tertius was found to be significantly different between all inputs, with the largest peak 
force from Whole Insole inputs compared to Forceplate or Split Insole inputs.   
Toe extensor muscles were similarly affected by the increased dorsiflexion from 
Forceplate inputs, with greater forces predicted for EDL and EHL from Forceplate inputs 
compared to either Whole Insole or Split Insole. In addition to magnitude of peak force, 
time to peak force was significantly earlier with Forceplate inputs compared to either 
Whole Insole or Split Insole. 
Peak ankle joint reaction forces (JRF) were not significantly affected by CoP input during 
uphill walking, with similar peak joint reaction forces and time to peak joint reaction 
forces for all three inputs (Figure 9.12). 
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Figure 9.12: Ankle joint reaction forces derived from forceplate-measured, whole insole-derived and 
split insole-derived CoPs during shod downhill walking 
9.4. Summary 
The purpose of this chapter was to investigate the effect that different CoP inputs have 
on modelling outputs during level and inclined walking. This was done using the same 
kinematic input for all comparisons and only varying the CoP input to the model to 
ensure changes in outputs were attributable to only the CoP input and not any 
differences in motion data. 
The most consistent observation between different CoP inputs was the CoP values 
themselves. Regardless of the task, Forceplate inputs were consistently more posterior 
at heel-strike and more anterior at push-off, resulting in a larger net CoP travel per step 
than insole-derived values. It is worth noting that while the overall CoP travel per step 
ranged from 1.29 to 1.42 foot lengths for Forceplate inputs and 0.75 to 0.80 foot lengths 
for Insole inputs, Forceplate inputs appear on the high side, as 1.42 times the calcaneus 
to second metatarsal head distance would likely exceed the length of the whole foot, 
even if significant angulation of the foot relative to the walking surface occurred at heel-
strike and toe-off. This questions the reliability of forceplates to provide realistic CoP 
values at low loads, such as those seen at the very start and end of stance.  
However, despite the significantly different CoP values, only specific inter-segmental 
moments were affected by the different CoP inputs.  
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The magnitude of hip joint moments were not affected during any walking task with only 
the time to peak hip flexion moment at push-off being significantly different during level 
and uphill walking with Whole Insole inputs being consistently later than either Split 
Insole or Forceplate inputs. 
At the knee, peak flexion moment at toe-off varied during level and uphill walking 
depending on CoP input, with peak adduction moment being affected by CoP input only 
during uphill walking. Whole Insole inputs resulted in greater knee flexion for level and 
uphill walking. However, knee adduction moment was largest with Forceplate and 
smallest with Whole Insole inputs. 
As expected, the ankle showed the greatest differences with different CoP inputs. For all 
walking tasks, magnitude and time to peak dorsiflexion moment varied significantly 
depending on CoP input, with Forceplate inputs giving the largest dorsiflexion moments 
and Whole Insole inputs the smallest. Time to peak dorsiflexion was generally earliest 
with Forceplate inputs (except during uphill walking, where strictly, Split Insole inputs 
resulted in peak dorsiflexion occurring marginally (1%stance) earlier than Forceplate 
Inputs. Surprisingly, plantarflexion moments were generally unaffected by CoP inputs, 
with time to peak plantarflexion moment being affected by CoP input only during level 
walking with Whole Insole marginally (2%stance) earlier than Forceplate or Split Insole 
inputs. 
Ankle joint reaction forces were not statistically significant between any of the CoP 
sources for any incline. This first ankle reaction force peak was higher than the joint 
reaction force peak at push-off for 9 subjects during downhill walking, resulting in the 
second ankle JRF peak observed during heel-strike (Figure 9.12). 
Overall Achilles load was only affected by CoP during level walking, with peak load 
occurring marginally (2% stance) earlier with Whole Insole inputs compared to either 
Split Insole or Forceplate inputs. Triceps loading was less affected than overall Achilles 
load, with no walking tasks showing any effect on magnitude or time to peak muscle 
force due to CoP input. 
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Despite the lack of inversion moment differences, invertor/evertor muscles were found 
to be very sensitive to CoP input. During the first half of stance of each walking 
condition, peak Peroneus Brevis/Longus and Tertius force was affected by CoP input. For 
all walking conditions, the lowest peak forces for these three muscles were predicted 
from Whole Insole CoP inputs and the highest were from Forceplate CoP inputs. While 
only being significantly different during level and downhill walking, Tibialis Anterior also 
followed the pattern of the Peroneus muscles, whereby the smallest peak force during 
the first half of stance was estimated from Whole Insole CoP inputs and the largest from 
Forceplate inputs. During the second half of stance, Peroneus Tertius was significantly 
affected by CoP input for all walking tasks with the largest predicted peak forces 
consistently from Whole Insole CoP inputs and smallest peak forces predicted from Split 
Insole inputs. Peroneus Brevis/Longus was only affected during downhill walking, but 
again with Whole Insole CoP inputs resulting in the largest predicted peak force. 
Interestingly, despite a noticeable trend in peak Tibialis Posterior loading during the 
second half of stance of all walking tasks, where Whole Insole CoP inputs resulted in the 
largest predicted force and Split Insole inputs resulted in the smallest, no measures of 
peak load were significantly different. 
Toe extensors were affected by CoP input for all walking conditions with Forceplate CoP 
inputs always resulting in earlier and larger peak forces and Whole Insole CoP inputs 
resulting in the lowest peak forces. 
In summary, despite the large differences between CoP values obtained from forceplate-
measured and insole-derived systems, changes in loading were confined primarily to the 
ankle joint, with only certain walking tasks showing the difference that CoP input makes 
to loading at the knee and hip (Table 9.16 and Table 9.17). 
Changes in muscular loading were driven largely by the earlier and greater dorsiflexion 
moment from Forceplate CoP inputs. However, the lack of significant change in peak 
plantarflexion moment is surprising, but does explain the lack of differences observed in 
triceps and overall Achilles tendon, as well as Tibialis Posterior and toe flexor loading, as 
these are all plantarflexors of the ankle.  
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This chapter has shown that the choice of CoP input can alter calculated lower limb 
loading, with significant changes at the ankle during early stance and changes in knee 
flexion at toe-off during level and inclined walking conditions. However, critically, the 
lack of differences in loading of the primary ankle plantarflexors for different walking 
tasks suggests that these model outputs may be less sensitive to CoP inputs than their 
out of plane counterparts. Therefore, despite the lack of change in Achilles loading 
specifically, differences during early and late stance suggest the inclusion of a two 
segment model specifically are warranted, as forceplate-measured net CoP travel was at 
levels likely exceeding the length of the foot.  
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Chapter 10: 
Discussion of the thesis 
Before the clinical implications of the results presented in this thesis are discussed, the 
key findings of this thesis are reiterated: 
 Orthotic heel wedges were unable to reduce peak ankle inversion angles or peak 
Achilles tendon loads during level or inclined walking, 
 the effect of knee flexion during the eccentric heel-drop exercise was visibly 
more demanding and resulted in increases in knee flexion angle during the flexed 
knee exercise, 
 the amount of triceps muscle stretching was reduced during the flexed knee 
exercise, with the bi-articular Gastrocnemius and mono-articular Soleus muscles   
working at shorter and longer muscle lengths respectively, and 
 the use of forceplate or plantar pressure or one- or two-segment foot models did 
result increased ankle dorsiflexion moments and corresponding dorsiflexor 
muscle forces at heel-strike, but did not alter estimates of peak plantarflexion 
moments, plantarflexor muscle forces or overall Achilles tendon force during 
level or inclined walking.  
This chapter is divided into five sections. The first is a discussion of the modelling 
approach used and in particular highlights areas of modelling which are currently not 
known or well understood. In light of the work presented in this thesis, the second 
section considers sensitivities of these types of models to the data inputs and how this 
has implications for clinical conclusions drawn from these types of motion analysis 
studies. The third and fourth sections of this chapter discuss the gait and heel-drop 
studies presented here, including the limitations pertaining to each study. The final 
section of the chapter compares the biomechanical differences observed in this work, to 
the mechanisms outlined in Chapter 1 for each treatment and discusses the implications 
of these results on the two treatment approaches for Achilles tendinopathies. 
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It should be noted here that statistical differences and clinical differences are not the 
same and whilst mechanical changes may not be statistically different, this does not 
imply there is no clinical relevance. Likewise, a model output that is statistically different 
may not have any clinical relevance. This is discussed more in the subsequent sections, 
but an example would be a muscle that is minimally loading during gait, such as 
Peroneus Tertius, can have statistically significant changes with very small changes in 
force. However, as the magnitude of the load is still small and Peroneus Tertius is not 
able to substantially influence Achilles tendon load or ankle joint reaction force, this is 
unlikely to have any clinical relevance. 
10.1. Discussion of the Modelling Approach 
The use of musculoskeletal models to predict muscle and joint loading is not a new 
concept. The specific processes in the musculoskeletal model used here are described in 
Chapter 2. However, the musculoskeletal pipeline can be summarised as follows:  
 
Figure 10.1: Illustration of the musculoskeletal pipeline. Note: dashed lines represent model inputs; solid 
lines represent model processes (bold) and model outputs (not bold). 
While the limitations of the musculoskeletal model approach were outlined in Chapter 2, 
those which are specific to this discussion are presented here. The first limitation is 
related to the data inputs, which is discussed separately in the next section of this 
chapter. Of the three central processes in the musculoskeletal model pipeline, it can be 
Force, CoP 
and Motion 
Data 
Inverse 
Dynamics 
Model 
Inter-segmental 
Moments and 
Forces 
Muscle 
Wrapping 
Algorithm 
Muscle Force 
Optimisation 
Muscle and 
Joint Reaction 
Forces 
Muscle 
Dataset 
Joint Angles 
Muscle Lengths 
and Moment 
Arms 
204 
 
considered that the inverse dynamics process is the most robust, with differences in 
inter-segmental moments and forces being primarily due to differences in approach, 
rather than technical details within an inverse dynamics model. Regarding the first point, 
a lack of reported filtering information was found in a review of literature involving 
plantar pressure devices. This may be attributable to the fact plantar pressure measures 
are often not used in musculoskeletal modelling, probably due to the lack of shear force 
data. Technical issues surrounding such devices have largely been related to the spatial 
resolution, rather than any temporal issues from measurements (Davis et al., 1996; 
Pataky et al., 2011). However, for consistency in this study, pressure data was filtered in 
the same way as motion data, which was recorded at 100Hz. 
The convenience of representing different body segments as rigid geometric solids is 
one which is key to all musculoskeletal models and one which has become 
commonplace in foot and ankle models, with evidence supporting this approach growing 
(Deschamps, et al., 2011). While gaining in support, the clinical significance of different 
approximations of rigid bodies is unlikely to be large, as during slower motions such as 
the stance phase of gait, inertial properties of segments do not play a large role in 
determining inter-segmental moments and forces with Rao et al. (2006) reporting <1% 
difference in RMS and peak inter-segmental moments at the ankle and < 4% at the knee 
across slow, preferred and fast walking speeds for different body segment parameter 
models. Along this line of thought, the differences in inter-segmental forces and 
moments due to different mathematical techniques to perform the inverse dynamics 
analysis has also been shown to have minimal effect Dumas et al.  (2007) showed <2% 
differences in inter-segmental forces and moments at the ankle and <25% at the knee 
during stance, with moments about the long axis of the shank resulting in the largest 
errors (8% difference for stance phase flexion moments). As a similar geometric body 
segment parameter definition was used in this thesis compared to those considered by 
Rao et al. (2006) and subjects were walking at their preferred speed, it is unlikely either 
of these factors or issues associated with the temporal resolution of the hardware used 
affected the results presented here. 
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While not a difference specifically in inverse dynamics approach, the different 
definitions of joint axes of rotation, particularly at the ankle should be highlighted. ISB 
recommendations for the definition of ankle joint complex axes of rotation rely on a 
“neutral” ankle configuration and landmarks of the shank to define zero (or reference) 
angles of ankle rotation (Wu, et al., 2002). However, this is neither a convenient or 
accurate approach to defining ankle kinematics, as creating a reference position will, by 
definition, hide any anatomical variation that exist for an individual. Additionally, the 
subjective nature of defining a neutral position makes comparisons between studies 
difficult, as different investigators will likely define this position differently, as numerous 
references to axes perpendicular to the floor (defined as the “plantar aspect of the foot” 
in the recommendations). Therefore, it is unsurprising that numerous investigators (see 
Chapter 1) have opted to use coordinate systems defined on landmarks of the foot when 
defining ankle joint kinematics. Surprisingly, the issue of coordinate frame definition 
becomes less of an issue once values of inter-segmental moments and forces are 
calculated, as the muscle moment arms are defined according to the same coordinate 
systems as the inter-segmental outputs and as such models become internally 
consistent from this point, with changes in muscle forces resulting in differences in 
muscle moment arms, as well as load-sharing algorithm. 
As the definition of muscle moment arms will directly alter predicted muscle forces (Eqn. 
2.15), it was the purpose of the muscle wrapping algorithm set out in Section 2.9 to 
provide a more physiologically representative approach to defining muscle paths around 
the foot and ankle. Currently, muscle wrapping algorithms at the ankle could be 
considered to be inadequate for the purposes of musculoskeletal models. This is due to 
the assumption that a single cadaveric muscle dataset can be scaled to represent each 
subject’s muscle geometry. While this is clearly an approximation, this is a clinically-
viable approach, with manually digitising MRI scans of each subject’s lower limbs 
proving costly, labour-intensive and relying on a certain type of expertise. The 
development of a robust and (at least semi-) automated MRI digitisation process will 
inevitably change the way this part of the musculoskeletal pipeline is performed. The 
approach taken in this thesis was to implement a wrapping algorithm that maintained 
physiological muscle moment arms throughout full ranges of ankle motion (i.e. muscles 
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did not pass through areas likely to be bone or outside the skin surface). A comparison 
of Achilles moment arms calculated during the heel-drop exercise here showed 
reasonable agreement to approximately height- and weight-matched individuals in 
studies characterising Achilles tendon moment arms through MRI scans (Fath et al., 
2010; Hashizume et al., 2012) (Figure 10.2). 
 
Figure 10.2: Relation between ankle flexion angle and muscle moment arms. Note: Points from previous 
studies are for overall Achilles tendon moment arms, whereas the average of triceps muscle moment arms 
was used to represent the Achilles tendon moment arm. “2D” and “3D” refer to the two- and three-
dimensional methods used to determine the Achilles tendon moment arms. A negative angle corresponds 
to ankle plantarflexion. 
The final part of the pipeline is the muscle force optimisation and this is where there has 
been the most debate as to which approach is “best”. While in principle, the use of a 
static optimisation approach to estimate muscle loading seems sensible, the constituent 
components involved in the load-sharing process should be discussed. The discussion 
regarding the loading-sharing approach, both the choice of objective function and 
minimisation approach were discussed in Chapter 2 and are not repeated here. 
Both here and in other musculoskeletal models, a maximum muscle force is often used 
to provide an upper bound on the calculated force for each muscle. This maximum force 
is often taken as the product of specific tension and muscle physiological cross sectional 
area (PCSA). Interestingly, and primarily due to practical constraints and convenience, a 
single value of specific tension is commonly used for all muscles in musculoskeletal 
models, while individual muscle PCSAs are often implemented. However, the concept of 
207 
 
musculoskeletal capacity or reserve should also be considered, as it is likely to be 
different between individuals, as well as individual muscles. If values of sigma are high, 
then muscle force estimates are likely to be insensitive to this parameter. Conversely, if 
specific tension is low, then force estimates will be more sensitive to the chosen values 
of sigma. Therefore, while a single value of sigma is often chosen, this may well be a 
simplification of the musculoskeletal system being modelled. 
Regarding the use of cadaveric PCSAs, aside from the commonly-cited limitations 
regarding muscle atrophy and specimen age, the fact that there are often only few 
specimens means that estimates in the relationship between individual muscle volume 
and body segment parameters is often not possible. Even if more specimens were used 
to determine mean values of PCSA, they are still only truly applicable for individuals 
within the cadaveric age, height and weight range. Only recently has the relationship 
between limb and muscle geometry progressed, with Handsfield et al. (2014) providing 
distributions of muscle geometry as a proportion of limb geometry, opening the way for 
subject-specific muscle PCSA scaling. This is a fundamental issue for musculoskeletal 
models, as without muscle PCSA scaling, a musculoskeletal model will have a very similar 
capacity to find a solution in the load-sharing process. This is to say, a smaller person 
would exert smaller absolute loads and therefore require lower muscle forces to balance 
the inter-segmental moments compared to a larger person, who would require greater 
muscle forces to balance their inter-segmental moments. If muscle PCSA is not scaled, 
then the musculoskeletal model has a greater chance of finding a solution of muscle 
forces for the smaller person regardless of how well posed the problem is. 
As information regarding muscle PCSA becomes more accessible with technology and 
imaging techniques, the mismatch in information compared to specific tension grows. 
The assumption that all muscles have the same specific tension is a major (and possibly 
flawed) assumption, as specific tensions are known to be different between muscle 
groups and were discussed in Chapter 2 and as such are not repeated here. However, 
what is worth noting is the difference in reported model sensitivities to variations in 
values of specific tension used in musculoskeletal models (Martelli, et al., 2011; 
Modenese, 2012). The assessment of model sensitivity to this parameter is lacking, as 
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only two studies are known to have performed this analysis to compare hip contact 
forces with varying specific tension. Martelli et al. (2011) showed that during walking the 
difference between highest and lowest predicted hip contact load increased with 
specific tension (values varied from 35 to 137 N/cm2), due to increases primarily in 
highest predicted loads. This is to say, increasing the specific tension did not affect the 
lowest predicted values of hip contact load and as such, it could be considered that hip 
contact load is not inherently sensitive to specific tension. Additionally, Modenese 
(2012) showed a similar insensitivity of the hip contact force magnitude to specific 
tension (values varied from 30 to 150 N/cm2). Both studies were assessing healthy level 
walking and conclude the relative insensitivity of hip contact force to specific tension. 
However, two major points should be noted from these studies. The first is to emphasise 
that there is no obvious relation between hip contact load and Achilles tendon loading, 
largely as peak hip contact load occurs during the early phases of stance and peak 
Achilles loading during the latter phases of stance (Bergmann, et al., 2001). The second 
is that no details regarding the change in muscle loads were reported and as such the 
insensitivity of magnitude of hip contact load to specific tension should not imply an 
insensitivity of muscle loading or even activation pattern to specific tension. Bearing 
these in mind, it should not be assumed that ankle muscle loading is implicitly 
insensitive to specific tension. Therefore, caution should be given to absolute values of 
forces reported both in previous studies and those reported here. This is particularly the 
case in a patient cohort, where age or injury can change muscular capacity. The utility of 
modelling lower limb musculature with a single stiffness value is possibly not suitable for 
such a population. This emphasises the importance of balancing utility and numerical 
accuracy of musculoskeletal models when assessing clinical treatments. More useful 
clinically are comparisons between conditions, such as those presented in this thesis.  
This section was intended to discuss the modelling approach used in this thesis and 
complement the previously discussed points in Chapter 2. The first two aims of this 
thesis were to develop an inverse dynamics model of the lower limb and to 
subsequently incorporate a musculoskeletal foot and ankle model, specifically 
accounting for the lack of muscle wrapping information around the foot and ankle. The 
modelling framework used in this thesis addresses key issues currently lacking in 
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musculoskeletal models of the foot and ankle and can provide the necessary level of 
information required in this thesis to address the clinical questions posed in the final 
aim. 
10.2. Model Sensitivity to Measurement Systems 
Before using the musculoskeletal model to address the clinical questions posed in this 
thesis, an assessment into the sensitivity of the model to data input was performed. 
Model sensitivity to extrinsic factors such as data input and wearing shoes should be 
performed, in order to aid in differentiating between clinically relevant changes or 
artefacts due to these factors. Additionally, the results from such a sensitivity analysis 
would provide additional evidence to address the paucity of evidence surrounding the 
need for musculoskeletal models incorporating a multi-segment foot. 
Neither the derivation of CoP through a combination of optical motion tracking and 
plantar pressure measurements (Fradet, et al., 2009) nor the implementation of a 
derived CoP coupled with forceplate forces (MacWilliams, et al., 2003) in a 
musculoskeletal model is new (Saraswat, et al., 2010). However, particularly when inter-
segmental moments and muscle forces are predicted, the sensitivity of using a different 
CoP input to a model should be assessed and neither of the previous studies performed 
this. An important difference between this study and those of MacWilliams et al. (2003) 
and Saraswat et al. (2010) was the use of shoes, and an in-shoe pressure measurement 
system to derive CoP values, rather than pressure mats as was used in the previous two 
studies. 
The main issue here is that a CoP derived from measurements of pressure can, at best, 
represent the CoP due to loading normal to the insole surface. This is different to 
traditional forceplate measurements which, in the case of the forceplates used in this 
thesis, use a combination of four tri-axial transducers to determine loading about all 
three axes of the forceplate12. These outputs are able to provide a CoP position at the 
surface of the forceplate. Therefore, while using a pressure-derived CoP may seem like a 
                                                          
12
 Kistler forceplate datasheet available from: http://www.kistler.com/uk/en/product/force/9286BA 
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significant flaw, it should be noted that both here and in other studies assessing the 
differences between forceplate-measured and insole-derived CoP (Barnett, et al., 2001; 
Debbi, et al., 2012), the largest differences between systems occurred at heel-strike and 
toe-off (Fradet, et al., 2009), where absolute magnitude of the reaction force was low, 
rather than specifically where any component of the force was low. 
More importantly however, is the key issue regarding what ‘centre of pressure’ 
represents. Normally, the CoP is taken to be the point of application of the external 
reaction force to the foot (in the case of walking). However, the problem should be 
considered more generally, where we are interested in locating the loads being applied 
to the body. When walking barefoot, this problem is not challenging, as we are 
measuring loads at the point it is being applied to the body. However when wearing 
shoes, this is no longer the case, as there is now an interface between the foot (where 
we are interested in the loading) and the environment (where we are actually measuring 
the loading). This raises the question as to whether CoP should be where the force is 
measured or where it is actually applied to the body. In this thesis, the latter was 
considered more appropriate, as the average thicknesses of material under the heel and 
metatarsal heads were not inconsiderable (35mm and 21mm respectively) and 
therefore, it should not be assumed that the point of application on the forceplate 
surface was representative of the location where force was applied to the foot. This 
question forms the basis of Chapter 9. It should be acknowledged that the concept of a 
single force being applied to a rigid body at a single location is of course an 
approximation of the true situation, as the plantar surface experiences a distributed 
load. However, this would not change the inter-segmental moments as the inverse 
dynamics approach used here would sum the moment contribution of individual 
elements of distributed load to provide the same net inter-segmental moment. 
While forceplate data is regarded as generally being highly reliable, it should be pointed 
out the method by which the forceplate CoP is derived can result in issues at low load, 
such as at heel-strike and toe-off13. This was particularly noticeable during downhill 
walking, where an erratic CoP for several subjects was noticed during the onset of heel-
                                                          
13
 Kistler forceplate formulae available from: http://isbweb.org/software/movanal/vaughan/kistler.pdf 
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strike and toe-off. Here, “erratic” is used to mean when the forceplate CoP would 
oscillate beyond the boundary of the foot, which is clearly not realistic. This was only 
found to happen at the first and last few frames of stance where loads being applied to 
the plate were low, but still above the 40N threshold used to define the time period of 
stance. This is more a limitation of the systems used to obtain data, than the study 
design itself. However, these erratic CoP values were restricted to only a few subjects 
and to the time frames at the ends of stance, always outside of where Achilles loading 
was substantial. 
A knock-on effect of this erratic CoP was the large moments (Table 10.1), which were 
invariably large dorsiflexion moments if CoP was erratic at heel-strike or large 
inversion/eversion moments if CoP was erratic near toe-off. This created problems for 
the prediction of muscle forces (Table 10.2), as the physiological basis of the 
optimisation routine is clearly not valid when abnormally large dorsiflexion moments are 
present. Therefore, to account for either the very rapid increase of dorsiflexion moment, 
the constraints on the muscle dynamics were relaxed, to permit a greater increase in 
muscle force per time frame. Muscle dynamic constraints were incrementally increased 
from 30% (the default) to 50% and then to 100% of the maximum permissible force 
(100% effectively has no dynamic constraint). For trials where the dorsiflexion moment 
was simply greater than the maximum capacity of the muscle dataset, the upper limit of 
force was increased to three times the maximum upper bound value defined by the 
original muscle PCSA, but the window was maintained. This is to say muscles with three 
times the maximum force could only increase by 10% of this maximum force in each 
time step, so as to maintain physiologically relevant muscle dynamics. Removing muscle 
dynamics constraints (Cleather, 2010) or increasing maximum muscle forces (Cleather, 
2010; Prinold, 2012) have been performed previously. It should be pointed out that in 
this study, after a solution set was found for trials which contained erratic CoP 
behaviour, a comparison to the original boundaries (unscaled maximum force and a 30% 
window to maintain muscle dynamics) was made (data not presented) and changes in 
force were confined to only the frames were a solution was not originally found, and for 
some trials one frame either side of these erratic frames. This is to say, the loading for 
the remaining period of stance, particularly where Achilles loading was significant, was 
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unaffected by either the increase in maximum muscle force or the relaxation of dynamic 
constraints on muscle loading. Therefore, inclusion of this data is not considered to have 
invalidated the clinical conclusions drawn in this thesis with regards to heel wedges. 
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The main observation from this sensitivity analysis with relevance to the clinical 
questions being asked was that Achilles tendon force was not significantly altered (mean 
difference of 4% across all inclines). Given the lack of observed differences in forceplate 
CoP compared to derived CoP values during push-off where Achilles force was highest, it 
should not be surprising that Achilles loading was not affected, with the exception of a 
slight delay in time to peak force during level walking. However, the remaining ankle 
musculature was more noticeably altered (Table 10.2), with dorsiflexors only showing 
large differences during early stance due to the differences in forceplate-measured 
moments compared to insole-derived moments as expected. Interestingly, during the 
latter phases of stance the shift in GRF vector resulted in knee loading being sensitive to 
CoP inputs, with changes in peak knee flexion at toe-off during level and uphill walking 
and peak knee adduction during uphill walking (Figure 10.3).  
 
Figure 10.3: Sketch of the change in GRF lever arm due to different CoP inputs during shod level walking. 
Note: Black arrows refer to Split Insole inputs, Grey arrows to Whole Insole inputs and Red arrows to 
Forceplate inputs. Dashed lines refer to the two segment foot model (black arrow inputs) and solid lines 
refer to the single segment foot model (red and grey arrow inputs) 
Similar changes have been seen when synthetically altering CoP inputs (by up to 10mm) 
to determine the effect on inter-segmental loading in 3D (Camargo-Junior et al., 2013), 
again with largest differences observed at the knee. Although changes of 0.04 Nm/kg 
were reported in the study of Camargo-Junior et al. compared to 0.26 Nm/kg here 
(Forceplate vs. Whole Insole during level walking), the equivalent change in CoP here 
was also larger than the change implemented in the study of Camargo-Junior et al. As 
changes were greatest at toe-off, comparing the change in most anterior CoP position is 
HS 
(~10% stance) 
PO 
(~80% stance) 
TO 
(~90% stance) 
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most relevant and was found to be 16mm here. Camargo-Junior et al. report errors in 
CoP to be as large as 20mm for certain types of equipment, such as instrumented 
treadmills and piezoelectric forceplates. Using a 20mm shift, Camargo-Junior et al. 
estimate the change in peak knee moment to be 0.20Nm/kg, which is similar to the 
differences reported here. 
While this section discussed the concepts and limitations of the model used here, the 
limitations of musculoskeletal models as an approach to estimate joint and muscle 
loading were presented in Chapter 2. The limitations here are specific to the sensitivity 
analysis of CoP input on musculoskeletal models presented in Chapter 9. 
Limitations are mostly around obtaining the data, as the kinematics and optimisation 
approach were identical, except for the downhill shod walking trials using forceplate CoP 
input which necessitated an altered optimisation approach, which was discussed earlier 
in this section.  
Aside from forces, a portable forceplate relies on a global offset to relate its physical 
position and orientation with the markers being tracked. With the need to repeatedly 
raise and lower the ramp by hand, it is possible that the originally defined coordinates 
were not precisely the same within trials. To correct for this, if any movement of the 
ramp was noted, four markers were placed on the corners of the forceplate and a visual 
comparison of where the markers were and where the forceplate was on the screen was 
made. If the ramp could not be positioned so as to realign the physical location of the 
forceplate to the on-screen position, the ramp was lowered and the global origin 
redefined, before raising the ramp again. 
The use of pressure insoles to derive CoP values has several limitations. First is the 
required multiple co-ordinate transforms to go from its measurement coordinate frame 
to the global frame of the motion data. Performing multiple transforms in this way can 
inherently lead to loss of information due to the mathematical operations, but more 
importantly, this approach relies on a key assumption. This is that the insole does not 
move relative to the shoe (where the marker cluster is attached) between the spatial 
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synchronising procedure and data collection. This is most likely to occur when shoes are 
being put on or taken off. Care was taken to securely attach the marker clusters to the 
shoe and ensure subjects felt the insoles were not catching their socks or slipping in the 
shoe when putting shoes on. The insole tab containing all the wiring for the insoles was 
also held on the lateral portion of the shoe while shoes were taken on or off to minimise 
insole motion. 
Another limitation of this study was the comparison of a single-segment foot model to a 
two-segment foot model using only insole derived CoP values. However, as was 
discussed in Chapter 1, several definitions of the “foot” exist in musculoskeletal models. 
The foot has been defined from calcaneus to the metatarsal heads or from calcaneus to 
the end of the Hallux. While this study divided the foot into hindfoot and toe segments, 
this is not the only way to define a “foot” segment. However, as has been shown here 
and by others, neglecting the toe segment (as defined in Chapter 2) can result in larger 
predicted ankle loads during walking (Bruening, et al., 2012a) and running (Bezodis, et 
al., 2012). Therefore, while different segment definitions hinder comparisons to all foot 
models, the approach taken here allows for the differences in ankle and knee loading 
due to different foot segments to be quantified, something not previous reported. 
The final limitation is not specific only to this study, but to subsequent discussions 
involving in-shoe data. Firstly, subjects wore their own running shoes and as such all 
shoes were different to each other. However, while it may be desirable to eliminate this 
extrinsic factor, it is unlikely specific running shoe type or brand will directly lead to 
altered Achilles tendon force. However, to minimise the impact of different shoes, all 
shoes were checked to make sure they were indeed running shoes (and not specialist 
racing shoes), that subjects had run in them and that there was not significant wear and 
tear. Additionally, measures regarding thickness of material under the heel and 
metatarsal heads were used to quantify the in-built wedge that exists across the length 
of running shoes (see Chapter 3) and this was found to be reasonably consistent 
between subjects with standard deviations less than 5mm for measured thicknesses. 
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10.3. The Influence of Heel Wedges on Gait 
This section discusses the ability of heel wedges to influence ankle loading in the context 
of Achilles tendinitis. In this study, gait mechanics during level, uphill and downhill 
walking were compared with and without bilateral heel wedges. This was intended to 
address, in part, the third aim of this thesis, which was to characterise the difference in 
gait mechanics due to heel wedges. This section does not repeat all results stated in the 
previous chapters, but rather, discusses the key observations from those chapters. 
10.3.1. Level Walking 
Observations from Chapter 5 regarding the impact of wedged walking on a level surface 
were as follows: 
 increased MTP ROM, 
 slight knee flexion moment at push-off, 
 delayed time to peak dorsiflexion and plantarflexion moment, 
 delay to peak medial Gastrocnemius, Soleus and Achilles force, 
 increase in peak primary and secondary dorsiflexor muscle forces, 
 delay to peak toe flexor muscle forces during push-off, and 
 delay to peak ankle joint reaction force. 
Of these observations, the second point is perhaps the most interesting, as the presence 
of a flexion moment at push-off implies the knee is being flexed for the majority of 
stance and as such the quadriceps would be active for this same period. This is relevant 
clinically, as the risk of muscle fatigue would be increased. The increase in all ankle 
dorsiflexor muscles at heel-strike is possibly related to the combination of a posteriorly 
shifted CoP and less plantarflexed ankle resulting in an increase in peak ankle 
dorsiflexion moment. Despite none of these parameters being significantly different (p = 
0.058 for the increase in peak ankle dorsiflexion moment), the effect on both primary 
and secondary ankle dorsiflexor muscle load is clear. 
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The delay to peak ankle plantarflexion moment is probably linked to the delay in peak 
medial triceps, Achilles tendon and ankle joint reaction force, as the inter-segmental 
moments are used as inputs to the load-sharing. As Achilles tendon load is particularly 
relevant to this thesis, factors affecting this parameter should be considered thoroughly. 
The delay to peak ankle plantarflexion moment would put the ankle in a more 
plantarflexed position (Figure 10.4), resulting in a smaller external lever arm between 
the GRF and the ankle joint, possibly explaining the lack of significant reduction in peak 
loads for both the primary (triceps) and secondary plantarflexor muscles. 
 
Figure 10.4: Illustration of the change in lever arm to the external GRF vector due to a more 
plantarflexed ankle. Note: Dashed lines and shaded circle represent the change in foot position and ankle 
joint centre due to the delay to peak plantarflexion moment. 
This relationship between joint moments and muscle force estimates are a key concept 
to highlight in the application of musculoskeletal models to clinical concepts or 
interventions. Interventions that act external to the body on a specific limb will 
necessitate change in all muscles of the affected joints, because this is how the static 
optimisation problem is posed. Reducing plantarflexion moments does cause a 
reduction in Achilles force. However, it also causes a reduction in all other ankle 
plantarflexors. Therefore to obtain a statistically significant reduction in Achilles tendon 
force specifically, would require a substantial decrease in plantarflexion moments, which 
would result in significantly altered gait dynamics, essentially negating the idea of the 
premise of using heel wedges as a non-invasive injury management option.  
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Finally, while pain is not specifically quantified in this thesis, if the intention of using heel 
wedges is to alleviate tendon pain through a reduction in tendon load and strain, the 
changes in tendon strain should be considered. Changes in Achilles tendon length can be 
considered reasonably approximated by the changes in ankle and knee angle, as there 
are both mono- and bi-articular components to the Achilles. Therefore, if a reduction in 
strain is to be achieved, this would require greater knee flexion and ankle plantarflexion. 
At peak Achilles force, minimal differences in knee and ankle joint kinematics were 
observed (Figure 5.6) suggesting this reduction in tendon strain is unlikely to be present. 
10.3.2. Uphill Walking 
Observations from Chapter 6 regarding the impact of wedged walking on an uphill 
surface were as follows: 
 reduced first GRF force peak and delay to first and second GRF peaks, 
 reduced ROFD, 
 reduced and delayed first hindfoot peak force, 
 reduced and delayed peak toe force, 
 more posterior AP CoP position at push-off, 
 greater ankle plantarflexion angle at heel-strike and weight-acceptance, 
 increased first knee and hip adduction moment peaks, 
 reduced knee extension moment at push-off, 
 delay to peak knee moment at weight-acceptance and push-off, 
 greater peak ankle dorsiflexion and smaller peak plantarflexion and inversion 
moments, 
 delay to peak ankle dorsiflexion and plantarflexion moments, 
 increased primary and secondary peak ankle dorsiflexor muscle forces, 
 decrease and delay to peak MTP flexion moment, 
 decrease in peak medial triceps force, 
 delay to peak medial Soleus, Achilles tendon and ankle joint reaction force, 
 increase in toe extensor and Peroneus Tertius muscle forces, and 
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 decrease in peak ankle plantarflexor muscle forces. 
Significant changes in ankle loading due to wedges were expected during uphill walking, 
as the heel wedge was thought to primarily influence kinematics and joint moments 
during earlier stance. With the less dorsiflexed ankle being the only kinematic change in 
the lower limb (Figure 6.5) this may not have appeared so. 
However, as with level walking, the lack of kinematic changes was not reflected in the 
joint moments. Similar to level walking, the knee showed reduced extension moments at 
push-off. Particularly relevant may be the increase in hip and knee adduction moments 
during uphill wedged walking. This is again highlights the need to consider changes in 
loading to the limb as a whole, rather than focussing on the intended joints and muscles 
when assessing an intervention, as any benefit in joint or muscle loading at one joint 
should not come at the expense of increased loading at another joint. 
The delay in first GRF peak is likely related to the delay to peak ankle dorsiflexion 
moment, which in turn would have resulted in the delays in peak toe extensor muscle 
forces. The non-significant posteriorly shifted CoP at heel-strike is likely related to the 
increased peak ankle dorsiflexion moment, in turn resulting in the observed increases in 
toe extensor forces. Interestingly, the reduction in peak external toe force would have 
caused the observed decreases in peak MTP flexion moment. 
The delay to and decrease of peak plantarflexion moment would have resulted in the 
observed reductions in medial triceps, toe flexors and Achilles tendon. Interestingly, a 
significant decrease in peak ankle plantarflexion moment resulted in only negligible 
decreases to overall Achilles force. This is possibly to do with the ankle being in a more 
dorsiflexed position at push-off (not statistically significant here) due to the delay to 
peak plantarflexion moment. With a more dorsiflexed ankle, the triceps muscles are now 
in a mechanically-disadvantaged position, as Achilles tendon moment arms are known 
to decrease with the ankle dorsiflexed (Hashizume, et al., 2012). Therefore, even though 
the plantarflexion moment provided by the muscles was smaller, the force required to 
generate this moment was not correspondingly reduced. 
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10.3.3. Downhill Walking 
Observations from Chapter 7 regarding the impact of wedged walking on a downhill 
surface were as follows: 
 increased stance time, 
 delayed first GRF peak, 
 more posterior AP CoP position at push-off, 
 greater knee flexion angle at weight-acceptance, 
 greater ankle plantarflexion angle from heel-strike to push-off and ROM, 
 greater hip flexion moment at push-off, 
 greater knee flexion moment from weight-acceptance to toe-off, 
 greater peak ankle dorsiflexion and smaller peak plantarflexion and inversion 
moments, 
 greater peak primary and secondary ankle dorsiflexor muscle forces, 
 no change in peak Achilles tendon force, 
 reduced peak medial Soleus force, 
 reduced peak primary and secondary ankle plantarflexor muscle forces, and 
 reduced and delayed peak ankle joint reaction force. 
Changes due to wedges were expected during downhill walking, for the same reason 
they were expected during uphill walking. The presence of the heel wedge would 
logically influence the heel contact phases of gait, which forms a major part of downhill 
walking. 
The most frequent comment during data collection when subjects asked if having 
wedges under their feet felt different was the feeling of unease some subjects 
commented on when walking with wedges downhill, which may have led to the 
increased stance time. This feeling of unease may also be related to the greater rate of 
ankle plantarflexion during weight-acceptance with wedges. 
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Different to level and uphill walking was the increase in hip flexion moment at push-off 
during downhill wedged walking. Greater knee flexion angle at weight-acceptance would 
have pushed the knee joint forward, and this coupled with the increased ankle 
dorsiflexion angle at push-off is thought to be the cause of increased knee flexion 
moment at push-off, as neither hip or knee joint angles were altered at push-off during 
downhill walking. 
As expected, an increased peak dorsiflexion moment resulted in an increase in peak 
ankle dorsiflexor muscle forces and decreased plantarflexion moment resulted in 
decreased peak ankle plantarflexor forces. This more dorsiflexed ankle results in the 
same observation for uphill walking, where the Achilles tendon is in a mechanically 
disadvantaged position, due to the dorsiflexion reducing the triceps muscle moment 
arms and as such, the reduction in plantarflexion moment is not reflected in peak 
Achilles tendon force, but does reduce peak medial Soleus, Tibialis Posterior and toe 
flexor forces. 
10.3.4. Influence of Heel Wedges in the Broader Context of Walking 
While considering each walking condition separately allows for greater scrutiny 
regarding subtle changes in gait mechanics when walking with heel wedges, emphasis 
should be placed on the influence on wedges during walking in a more general sense. As 
such, consistent changes that appear in multiple walking conditions should be 
highlighted, as these have more clinical relevance to “walking” as the activity of interest. 
Changes in CoP were consistent across walking conditions, with a more posterior CoP at 
push-off (and a trend posterior shift at heel-strike during uphill walking) suggesting 
subjects were generally more on their heels (or at least hindfoot) during wedged 
walking. However, this was not reflected in the external Hindfoot forces, which showed 
no difference in peak force for level or downhill walking and actually a decrease in peak 
hindfoot force during uphill walking. Another observation across walking conditions was 
the tendency for the CoP to go from a predominantly anterior-posterior path, to a more 
medially-directed path during wedged walking (Figures 5.5, 6.4, 7.4). The cause of this is 
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unclear, but may be attributed to the more plantarflexed ankle causing the foot to be in 
a more inverted position, due to the geometry of the anatomy of the talocrural and 
subtalar joints, shifting the point of contact laterally at heel-strike. However, without 
direct imaging of the joints in question, this cannot be verified with the data presented 
here. 
Studies assessing the ability of lateral heel wedges to alter the knee adduction moment, 
in the context of medial compartment osteoarthritis, have generally not reported CoP 
values. However, Jones et al. (2013) showed a 6mm more lateral CoP during early stance 
(defined there as the first 33% of stance) when a lateral heel wedge of 5° was used. For 
reference, the wedges used here have an angle of approximately 7°. A similar study by 
Leitch et al. (2011) using 8° lateral heel wedges reported marginal (1mm) lateral 
deviations in CoP. Additionally, Leitch et al. report a greater (1-3mm) anterior 
displacement of CoP with lateral heel wedges. It should be pointed out that Jones et al 
used a forceplate to measure their CoP data, whereas Leitch et al. used the same 
pressure insoles as those used here, but only used wedges unilaterally. While 
comparisons between measurement systems should be avoided, the observations 
within each study that a heel wedge, albeit a lateral heel wedge, resulted in a lateral 
deviation of CoP during early stance is worth noting. Interestingly, Jones et al. showed a 
decrease in lateral CoP deviation during late stance (defined there as the final 33% of 
stance), similar to that seen here during wedged walking. While these studies are 
assessing a different pathology, the influence of an in-shoe heel orthotic has parallels to 
the approach presented in this thesis. 
As was mentioned in Chapter 1, abnormal ankle kinematics in the form of excessive 
subtalar joint motion, has been considered a risk factor for Achilles injuries (Reinking, 
2012), as this would exacerbate the asymmetric loading across the Achilles tendon 
(Kader, et al., 2002). To investigate this, changes in ankle inversion angles from peak 
inversion at heel-strike to maximum eversion during stance to peak inversion at toe-off 
were assessed for each subject across all inclines (Table 10.3). 
224 
 
Inversion 
Angle [°] 
Downhill Level Uphill 
Time-point Shod Wedged p-value Shod Wedged p-value Shod Wedged p-value 
ROM 13.3 12.6 - 13.8 13.3 - 11.6 9.6 0.077 
HS 4.6 5.0 - 3.8 6.3 - 0.9 2.3 0.090 
MS -5.5 -5.0 - -7.0 -5.5 - -4.9 -3.4 - 
TO 5.5 5.9 - 5.8 5.4 - 6.6 6.0 - 
Table 10.3: Comparison of ankle inversion angles during shod and wedged walking across all inclines. 
Note: positive values correspond to inversion 
Interestingly, no changes in ankle inversion kinematics were observed for any wedged 
walking condition. While inferring subtalar kinematics through angles derived from 
markers on the shoe has its limitations, information regarding out of plane changes in 
kinematics can still be gained. As the ankle joint complex acts functionally as a saddle 
joint, motion about the subtalar joint axis would have caused changes in shank motion, 
resulting in some observed difference in overall ankle kinematics, albeit dampened by 
the fact these differences are only derived from changes in shank motion. As eversion 
angles were not affected by heel wedges, it could be considered that heel wedges alone 
are not an effective means to control subtalar motion. However, as the cohort tested 
here consisted of healthy individuals, hindfoot motion may not have required any 
correction, and as such the lack of difference in hindfoot kinematics here should not 
automatically be extrapolated to a patient population. 
Consistent changes in inter-segmental moments were also observed during wedged 
walking (Table 10.4). The more posterior CoP at push-off coupled with relatively 
unaltered knee and hip kinematics resulted in greater flexion moments, particularly at 
the knee between weight-acceptance and push-off. This increased demand on the knee 
joint likely has clinical implications for the quadriceps muscles, as they are the main 
extensors of the knee. Both in terms of fatigue of the muscles as well as possible 
changes in knee joint loading. 
The posteriorly shifted CoP coupled with greater ankle plantarflexion from heel-strike 
until push-off resulted in greater dorsiflexion moments during weight-acceptance and 
smaller plantarflexion moments at push-off. This increase in dorsiflexion requirements 
during weight-acceptance causes the consistent increase in TibAnt, EDL, EHL and PeroT 
muscle forces (Table 10.5). The presence of increased PeroB/L loading is due to its role   
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as an antagonist to the secondary (inversion) moments produced by TibAnt. The 
relationship between reducing plantarflexion moment and reducing all ankle 
plantarflexion muscle loads has been briefly discussed in Section 10.3.1. However, the 
observation that triceps loading does not uniformly reduce in loading despite a 
reduction in ankle plantarflexion moment warrants further discussion, as it has clinical 
relevance beyond this thesis. Interestingly, medial Soleus loading was found to reduce 
with wedges in both uphill and downhill walking only. Despite this only being for half of 
Soleus, it should be pointed out that medial Soleus provides the largest contribution to 
overall Achilles tendon load and as such, decreases in this muscle will have implications 
for the remaining triceps.  
Interestingly, all significant shifts in time to peak muscle and ankle joint reaction forces 
during wedged walking were delays (Table 10.6). Considering the triceps surae only, 
changes in time to peak force could suggest a greater amount of eccentric work on the 
Achilles tendon. Delaying the time to peak Achilles force would suggest a greater 
proportion of Achilles loading was eccentric. Delaying the time to peak ankle dorsiflexion 
would also imply more of the loading was eccentric. Both statements assume Achilles 
loading begins at the same time and peak dorsiflexion angles were the same for shod 
and wedged walking. While not analysed quantitatively, the onset of Achilles loading 
appeared delayed for all walking inclines and as such, would suggest that, at best, 
eccentric Achilles loading is occurring for a shorter period of time during wedged 
walking. Given the lack of kinematic change at the ankle during push-off and the similar 
peak Achilles tendon forces, it seems unlikely there is any substantial change in the 
amount of eccentric work being done by the Achilles tendon when walking. The 
exception to this was uphill walking, where heel wedges resulted in a prolonged period 
of ankle dorsiflexion (Figure 6.5C). Given the known benefits of eccentric tendon loading 
in Achilles tendinosis patients and the notion that tendonitis occurs as a result of 
repeatedly failing to regenerate the tendon and forming scar tissue instead, the possible 
link between prolonged eccentric tendon loading during uphill walking should be 
investigated further. However, the link between eccentric tendon loading and tendon 
repair in the context of Achilles tendonitis remains unclear from purely a biomechanical 
perspective.  
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It has been shown that inclined walking has different kinematics and inter-segmental 
loading to level walking (Franz, et al., 2013; Haggerty, et al., 2014; Leroux et al., 2002; 
McIntosh, et al., 2006) and as such a statistical comparison of the differences due to 
incline were not performed here. Despite differences in incline assessed and 
methodologies in data collection, a comparison of baseline measures to the few 
previously reported studies on inclined and level walking is still warranted to 
substantiate any of the consistent changes due to wedges, to address the first aim of 
this thesis. Key observations from previous studies were an increased peak 
plantarflexion moment with incline (12% increase here vs. mean of 13% previously), 
increase in peak knee extensor moment at weight-acceptance with incline (0.17 
Nm/(BW*ht) increase here vs. mean of 0.21 Nm/(BW*ht) previously14). During downhill 
walking, inter-segmental changes were consistent with those previously reported, with a 
similar increase in hip extension moment at heel-strike (13% increase here vs. 12% 
previously) doubling of the knee extension moment at weight-acceptance with decline 
observed both here and previously (McIntosh, et al., 2006). While methodological 
differences may restrict the comparability between the current and previously reported 
studies (Table 10.7), the overall trends at time points relevant to this thesis show good 
agreement and support the comparisons of wedged to shod walking on different 
inclines. 
Study Walkway/Treadmill Incline [°] 
McIntosh et al. (2006) Walkway 10 
Franz et al. (2013) Treadmill 9 
Haggerty et al. (2014) Treadmill 9 and 12 
Table 10.7: Comparison of previous inclined gait studies  
Comparing the consistent observations from this thesis to previous studies assessing 
high-heeled lower limb mechanics (heel height between 3-9cm) shows many similarities, 
including the observed increase in peak ankle dorsiflexion moment, reduction in ankle 
plantarflexion moment at push-off and increased knee flexion moments during late 
stance (Cronin, 2014; Esenyel et al., 2003), as well as increases in peak knee adduction 
moment due to medial shifts in CoP (Cong et al., 2011; Kerrigan, et al., 2005). The 
combination of increased knee and hip flexion coupled with reduced ankle 
                                                          
14
 Previous studies did not normalise inter-segmental moments to subject height, so this was performed 
using the mean height and inter-segmental moments of the subject group. 
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plantarflexion inter-segmental moments suggests a possible shift in locomotion strategy, 
where there is a greater reliance on proximal musculature for propulsion during heeled 
walking. While a comparison of orthotic heel wedges and high-heeled shoes may be 
considered extreme, it highlights how sensitive the lower limb is to even subtle changes 
under the plantar surface and changes observed here that did not reach statistical 
significance may be indicative of changes in lower limb mechanics that could be affected 
by larger orthotic heel wedges. 
To avoid confusion, the model parameters of particular relevance to the clinical 
questions in this thesis, besides the estimated Achilles tendon force, are the changes to 
ankle plantarflexion moments. The observation that reductions in plantarflexion 
moments caused reductions in plantarflexor muscle loading was expected. The 
unexpected observation was the lack of change in the lateral portions of the triceps, 
specifically the lateral head of Gastrocnemius and the lateral portion of Soleus, which, as 
was discussed in Chapter 1, are considered primary ankle plantarflexors. This 
observation is related to the way muscle geometry, particularly large or fanned muscles, 
are approximated as separate elements in musculoskeletal models. However, there are 
generally no constraints on muscle synergy, where muscle elements belonging to the 
same muscle group are required to have the same force or activation. Therefore, even 
though the Soleus muscle is assumed to be an ankle plantarflexor only, the 
implementation of 3 medial and 3 lateral Soleus elements in the model essentially 
creates a plantar-flexing and inverting medial portion and a plantar-flexing and everting 
lateral portion. As the medial and lateral portions do not have the same PCSA nor are 
their activations constrained to be similar in anyway, this results in the confusing 
observations of simultaneous increase and decrease in force within Soleus during 
wedged walking. To make sense of this, the out of plane moments, while small, should 
be considered, as they help explain the lack of change in overall Achilles loading. 
The consistent change in muscle loading at push-off was a decrease in TibAnt, TibPost, 
FHL and FDL loading, which is expected with decreases in plantarflexion and inversion 
requirements. Considering the magnitudes of the changes, the reductions in these 
secondary plantarflexor muscles is considerably greater than the decrease in overall 
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triceps loading. Therefore, it could be considered that the decreases in plantarflexion 
moment make a bigger difference to secondary instead of primary plantarflexors. This is 
logical when considered from a computational perspective, as the smaller, less effective 
secondary plantarflexors cost more (in terms of minimising an objective function) to 
activate. Therefore, reducing the loads in these muscles will lower the overall cost of the 
solution significantly more than if only the forces in the more effective triceps were 
lowered. It is possible that loading within Soleus, and to a lesser extent Gastrocnemius, 
is redistributed to accommodate the changes in secondary plantarflexors. Certainly, the 
reduction in TibPost and FHL, both sizeable muscles, during push-off would need some 
other plantarflexor muscle to make up the reduction in overall plantarflexor 
contributions to balance the required plantarflexion moment, which can be achieved 
reasonably cheaply by increasing Soleus loading. In addition to this, the fact there is a 
delay in time to peak force between medial to lateral triceps will dull any change in 
overall Achilles tendon force. Therefore, a combination of reasons could be the cause of 
heel wedges not resulting in a more substantial reduction in Achilles tendon force. Using 
the data obtained during level walking suggests a patient cohort of 120 people is 
required to see a statistically significant difference in peak Achilles force (with a power 
of 0.8). However, it should be highlighted that level walking showed the largest 
differences in Achilles loading and as such, this is a best-case estimate. 
However, there were several limitations to this study which should be taken into 
consideration. Firstly, the influence of heel wedges was only assessed at one time point 
and while changes may be present initially, these could subside over time, as individuals 
become accustomed to the wedges, reducing the effect of any injury treatment or 
management option. However, as there are no studies assessing the effect of heel 
wedges on Achilles tendon force over a period of time, any longer term implications for 
injury management should be treated with caution. However, from a sporting 
perspective, immediate changes would expect to be seen if such a treatment was to be 
used in recovering from an Achilles tendonitis injury. 
Secondly, the use of a healthy control group to assess the capabilities of a treatment 
option is inherently limited, as a patient group may respond quite differently to an 
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intervention. However, a baseline measure of what heel wedges may do to an 
individual’s lower limb biomechanics is useful in and of itself, as it provides a benchmark 
from which to compare any differences subsequently observed in a patient group. 
Additionally, if able to elicit a positive change in healthy individuals, such an intervention 
could have wider implications as an injury prevention mechanism, rather than solely as 
an injury management option. 
Finally, the use of a single type of heel wedge for all subjects may be considered a 
limitation. Anatomical variations in talocrural and subtalar geometry would suggest a 
more customised insole would have the best chance of observing a greater change, such 
as the study of MacLean et al. (2006) who showed improvements (defined there as 
decreases in angle) in rearfoot eversion angles using a custom foot orthoses during 
running. However, while desirable, the use of customised orthoses is still debated, with 
studies showing no substantial benefit over their prefabricated counterparts. Redmond 
et al. (2009) showed there was benefit in using an orthotic during walking, but did not 
find any difference between a customised orthotic and a prefabricated equivalent which 
had the same wedge angle and made from the same material. 
10.4. The Mechanics of the Heel-Drop Exercise 
As the primary treatment option for Achilles tendinopathy, understanding the 
mechanics of the established heel-drop exercise, and how the triceps and Achilles 
specifically are being loaded, will allow for better understanding regarding how the 
Achilles tendon may be responding to different mechanical stimuli. This section 
discusses the mechanics of the heel-drop exercise and how the different variants of the 
exercise may be altering muscle and joint loading. This study forms the second body of 
work aimed at addressing the third aim of this thesis. 
The underlying principle of recovery for the heel-drop exercise is a return to function 
through strengthening the injured Achilles tendon through a progressively more 
demanding eccentric exercise regimen. Details of the exercise have been outlined in 
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Chapters 1, details of the experimental setup used here have been presented in Chapter 
3 and the results discussed in this section are presented in Chapter 8. 
To avoid repetition or omission of any key observations, the difference wearing shoes 
makes during the heel-drop exercise will be discussed first, before the more clinically 
relevant differences due to knee flexion are discussed. 
10.4.1. Differences when Wearing Shoes 
Observations from Chapter 8 regarding the differences between performing the heel-
drop exercise barefoot and in shoes were: 
 decreased MTP ROM, 
 lack of eversion motion when wearing shoes, 
 greater MTP flexion angle at maximum dorsiflexion, 
 reduced peak inversion moment during flexed knee only, and 
 reduced peak Achilles force when the knee is flexed only. 
Changes in lower limb mechanics when wearing shoes were only apparent at the foot. 
The reduction of MTP ROM and more flexed MTP when wearing shoes were discussed in 
Chapter 8. The clinical relevance of this observation can be questioned, as an under-
estimate in shoe kinematics compared to barefoot kinematics has been shown 
elsewhere during walking (Wolf, et al., 2008). However, the large difference in MTP 
angle may be only partly attributable to measurement artefact, as in practice, individuals 
were able to keep their toes flat on the step when barefoot, resulting in the extension 
angles seen when the ankle was maximally dorsiflexed. When wearing shoes, the 
stiffness of the sole of the shoe meant this was not possible and the toes would have 
been raised off the surface of the step, resulting in at least a less extended angle, even if 
this was still measured as MTP flexion (Figure 8.16). 
A reduction in peak inversion moment may be due to the change in ankle kinematics 
also noted. When barefoot, the ankle began in an inverted position and ended in an 
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everted position (Figure 8.6). When wearing shoes, the ankle remained everted for the 
duration of the heel-drop. This lack of eversion motion when in shoes may be related to 
the reduction in peak inversion moment. When the ankle is inverted, the medial side of 
the foot is higher and therefore shifts the CoP laterally, resulting in a larger inversion 
moment. If the foot is more everted, the medial side of the foot is lower and would 
therefore shift the CoP medially, reducing the peak inversion moment. While not 
statistically significant, this medial shift in CoP was observed during shod trials (both 
when using a forceplate-measured or insole-derived CoP; Table 8.2). 
However, the most clinically relevant observation is the reduction in peak Achilles 
tendon force when wearing shoes. As this exercise is aimed at strengthening the Achilles 
tendon through increasingly demanding steps (increasing the speed of the heel-drops 
and doing the exercise with a weighted back pack), versions of the exercise that reduce 
the peak loading warrant further consideration and is discussed in Section 10.5. 
10.4.2. Differences due to Knee Flexion 
Observations from Chapter 8 regarding the differences between performing the exercise 
with a flexed instead of extended knee were: 
 hip angle maintained for flexed and extended knee versions of the exercise, 
 increased knee angle during the exercise, 
 reduced the knee adduction and increased hip adduction angle, 
 smaller initial ankle plantarflexion angle, 
 greater final dorsiflexion angle (only when wearing shoes), 
 less equally distributed knee and hip moments (primarily hip loading), 
 knee moments goes from extension and adduction to flexion and abduction, 
 reduced peak plantarflexion moment, 
 shorter biarticular muscle lengths (at peak Achilles load), 
 smaller range of biarticular length change, and 
 shorter operating lengths for biarticular muscles. 
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As was stated previously here and by others, performing the heel-drop task with a flexed 
knee was visibly more demanding than with an extended knee (Reid, et al., 2012). This 
should not be surprising, as with the knee flexed the exercise now represents a single leg 
squat, a task generally considered to be a strength and conditioning exercise linked to 
hip abductor strength (Crossley et al., 2011) and knee instability (Yamazaki et al., 2010). 
While this thesis does not assess either of these two measures associated with the single 
leg squat, the fact the flexed knee heel drop resembles a strength and conditioning 
exercise should not be overlooked, given the difficulty some subjects had with the task.  
This is interesting as it suggests an alternative minimisation routine to estimate muscle 
forces, such as the min/max criterion described in Eqn. 2.17, may be more appropriate 
in this specific task. It should be noted that during the flexed knee task, ankle joint 
moments reduced, while significant shifts in knee and hip loading occurred. If ankle 
moments were relatively unaffected, in fact reducing with knee flexion, this would 
suggest difficulty arose from potentially weak hip and knee musculature. If knee and hip 
musculature were included here it could be considered that a min/max approach could 
be considered more appropriate, as the global minimisation approach taken here is 
intended to be for low-demand tasks such as walking. 
Following the approach of Hebert-Losier et al. (2013), where stability of the heel raise 
exercise was defined as the amount of CoP travel in the AP and ML direction, the 
equivalent measures were calculated here. Similar to the study by Hebert-Losier et al., a 
reduction, albeit statistically insignificant here, in ML and AP CoP travel was noted when 
going from an extended to a flexed knee (Figure 8.2). However, while Hebert-Losier et 
al. (2013) interpreted this as “enhanced stability of the position” (attributed to the lower 
centre of mass), the lack of any other biomechanical measures associated with the 
flexed knee position suggests this interpretation should be treated with caution.  
Here, significant changes in knee and hip joint moments were observed with the knee 
flexed Figure 8.9, which showed a change in relative demands on the knee and hip 
joints. With the knee flexed, the increase in peak hip moments suggests the exercise 
become a primarily hip-dominant task. Additionally, insufficient quadriceps strength 
may have been the cause of the increase in knee angle during the knee flexed task. 
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Therefore, despite only marginal changes in CoP, changes in knee and hip joint moments 
and knee joint kinematics suggest the heel-drop exercise with the knee flexed may 
actually be more demanding, and therefore less stable, than with an extended knee. 
Worth noting is that despite the magnitude of the knee extension moments (when the 
knee was extended) being larger than the flexion moments (when the knee was flexed), 
it would be primarily bony geometry and ligament constraints that would balance the 
extension moment, rather than musculature contributions (with the knee flexed). 
Aside from stability of the task, several observations have implications for the clinical 
basis of this treatment. Achilles tendon load is a key output of this study, and as was 
stated in Chapter 8, reductions in peak ankle plantarflexion moment and Achilles tendon 
force warrant further investigation. Several factors will affect the Achilles tendon forces 
estimated here. These include changes in ankle moments, ankle angle (affecting the 
mono-articular muscle moment arms) and knee angle (affecting the bi-articular muscle 
moment arms). Especially interesting is the link between knee angle and Achilles tendon 
force. As knee flexion angle increased during the task (when the knee was initially 
flexed), this may have influenced the moment arm of Gastrocnemius. Therefore, despite 
the more dorsiflexed ankle with the knee flexed, normally reducing the triceps moment 
arms, the increased knee flexion may have helped to maintain the Gastrocnemius 
moment arm during the task, requiring a similar (compared to the extended knee task) 
force to provide the required moments. However, despite the statistical reductions in 
plantarflexion moments, no statistical changes in peak Achilles tendon force were 
estimated when going from an extended to flexed knee. However, as was discussed in 
Section 10.3.4, a reduction in plantarflexion moment may affect secondary 
plantarflexors more than the triceps. This line of thought may actually lend support to 
performing the flexed knee task, as it suggests that even if the plantarflexion moments 
are reduced, it may not have any substantial affect on the Achilles tendon forces.  
However, it does not avoid the fact the Achilles force does still reduce when the knee is 
flexed which is still clinically undesirable. 
Aside from magnitudes of load, relative loading of the Gastrocnemius and Soleus 
muscles would be affected by the amount of knee flexion and are considered to be part 
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of the treatment protocol. As was outlined in Chapter 1, performing the knee flexed task 
shortens the Gastrocnemius, apparently making it mechanically less efficient, due to the 
force-length relationship of muscles. However, whether this is offset by the increase in 
Gastrocnemius moment arm is unclear. Reid et al. (2012) showed an extended knee was 
found to result in greater Gastrocnemius activation in Achilles tendinopathy patients. 
While not presented explicitly in Chapter 8, the relative activations (defined as the ratio 
of peak estimated muscle force to maximum permissible force) at peak Achilles force 
were not different between knee flexion conditions (p > 0.05) (Figure 10.5). While others 
have shown Gastrocnemius activity to be higher than Soleus activity during the heel-
drop (Henriksen et al., 2009) and heel-raise (Kinugasa et al., 2005) exercises with the 
knee extended, the study of Reid et al. (2012) is the only one to have assessed the 
difference in triceps EMG activation during both versions of the heel-drop exercise, 
reporting increased Gastrocnemius activation when the knee was extended. 
 
Figure 10.5: Relative Soleus ("Sol_act") and Gastrocnemius ("Gast_act") activations at peak Achilles 
force for each heel-drop condition 
An unexpected observation was the decrease in biarticular muscle length changes with 
the knee flexed. So not only are the muscles operating at a shorter absolute length when 
flexed (Figure 8.14), but the changes in muscle lengths are smaller (Figure 8.13) despite 
the unchanged range of ankle motion (Figure 8.3). This decrease in bi-articular muscle 
length change can be attributed to the increase in knee flexion during the flexed knee 
task, as a dorsiflexing ankle coupled with a flexing knee will result in a smaller biarticular 
muscle length change than with a fixed knee angle, as was the case in the extended knee 
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task. This is clinically relevant as the aim of this exercise is to strengthen the Achilles 
through loading while extending the tendon. A reduction in operating length and peak 
Achilles force can be seen as a reduction in the work load of the tendon, which is not the 
intention of the exercise. 
10.4.3. Biomechanics of the Heel-Drop Exercise 
This discussion regarding characterising the heel-drop exercise and investigating the 
mechanical changes associated with variants of the exercise address the final part of the 
third aim of this thesis. 
However, several limitations of this study should be considered before any clinical 
conclusions are drawn. 
The first is regarding the data used in performing the barefoot vs. shod comparison of 
the heel-drop tasks. The limitation here is the assumption that in-shoe kinematic data 
represents the motion of the foot in the shoe. Practically, this manifests itself as the 
necessity to digitise points over bony landmarks, rather than the physical locations 
themselves. However, while this may have resulted in differences to MTP and ankle 
inversion angles, differences in inversion angle were different only at the start of the 
task, when Achilles load was not maximal and as such would not influence the 
conclusions drawn here. Critically, absolute ankle plantarflexion angles were found to be 
very similar between barefoot and shod exercises, suggesting any under-estimates in 
ankle kinematics due to the presence of shoes were minimal. 
The second limitation is the use of forceplate-measured CoP data for barefoot trials and 
insole-derived CoP data for shod trials. While in theory the pressure insoles could have 
been affixed to the plantar surface of subjects’ feet, the need to spatially align the insole 
coordinate system with the motion system would have required significant assumptions 
regarding the location of the insole under the plantar surface of the feet. While possibly 
a factor in deriving the muscle forces, differences between insole-derived and 
forceplate-measured CoP values should not be unexpected, as subjects were told to 
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position themselves in a comfortable position to perform the task. No constraints 
regarding foot position were made, and while this may be treated as a limitation, this is 
representative of what patients would do in clinic or at home. Indeed, Table 8.2 shows a 
more medial mean CoP position when comparing barefoot to shod trials when using 
only forceplate-measured values. 
The observation of a lack of difference in relative activation of Soleus and Gastrocnemius 
at peak Achilles tendon force questioned whether knee flexion would indeed able to 
elicit a physiological response in individuals. However, this may require further 
investigation, as the modelling approach used to estimate muscle force does not 
incorporate force-length relationships and as such, including such a muscle model may 
affect the estimated activations. However, the assumptions and subject-specific tuning 
required for such features to be incorporated into a musculoskeletal model would result 
in model outputs being highly sensitive to the tuning process in order to obtain load-
sharing solutions. Speculatively, the reductions in muscle length observed here would 
necessitate an increase in Gastrocnemius activation to provide the same force calculated 
here due to the force-length relationship of muscles. However, as was seen elsewhere in 
this thesis, this less optimal muscle may not be independently recruited and in fact, 
increased Soleus loading may provide the required moment, as it would be cheaper in 
terms of minimising an objective function cost to recruit this muscle rather than the less 
efficient Gastrocnemius. 
The lack of EMG data to complement the model outputs regarding the influence of knee 
angle on Soleus and Gastrocnemius activity is a limitation. Despite the lack of reliable leg 
positions able to elicit a maximal muscle signal (Hebert-Losier, et al., 2011a), the 
addition of such data may have provided a supplementary measure of muscle activity 
during these tasks. 
Finally, the lack of a patient cohort in this thesis is a limitation, particularly as differences 
in lower limb mechanics may exist between healthy individuals and those with Achilles 
tendonitis or tendinosis, when undertaking their respective treatments. 
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10.5. Implications for Achilles Tendinopathies 
This section addresses the final aim of this thesis, which was to use the modelling 
outputs during wedged walking and the heel-drop exercise to investigate the mechanics 
which drive the healing mechanisms for each treatment. 
The possible mechanisms by which heel wedges are believed to act are through were 
outlined in Chapter 1, but in summary, some combination of: reduced Achilles tendon 
force, reduced Achilles tendon strain and correction of abnormal hindfoot kinematics 
are targets of treatment mechanisms. The ability of heel wedges to reduce Achilles 
tendon force was found to be negligible during inclined walking and, at best, marginal 
during level walking. As such, the use of heel wedges as a means to alleviate tendon pain 
directly through reductions in Achilles tendon force are unsupported by the work 
presented here. Regarding alleviation of pain through reductions in tendon strain, while 
this work did not directly quantify Achilles tendon strain, for example using imaging 
techniques, kinematic changes in the knee and ankle, which would affect Achilles tendon 
strain, during late stance were minimal which further oppose the use of heel wedges to 
alleviate pain through reductions in Achilles tendon strain. Finally, the ability of heel 
wedges to correct abnormal kinematics is not supported by this work, as negligible 
changes in hindfoot angles were observed. However, this observation should be treated 
with caution as only a healthy cohort was investigated here. 
One observation which is relevant here is the redistribution of triceps loading with heel 
wedges, with reductions in medial and increases in lateral triceps loading. As the cross 
sectional area of the Achilles tendon is substantial, it is hypothetically possible that heel 
wedging may conceivably exacerbate a laterally placed lesion. 
The eccentric heel-drop exercise has been successfully used to treat Achilles tendinosis 
and is believed to act primarily as a strengthening, but also a triceps stretching exercise. 
Flexing the knee should reduce the amount of Gastrocnemius activity and increase 
Soleus activity. However, the ability of the flexed knee task to specifically alter 
Gastrocnemius and Soleus activity was not observed here, however, this may be due to 
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modelling limitations. In this study, flexing the knee decreased the Achilles tendon force 
and created greater demands on the hip and knee. Also, performing the exercise with 
the knee flexed reduced the changes in triceps muscle length, suggesting a reduction in 
the amount of stretching occurring. The current work questions the efficacy of the 
flexed knee heel-drop to maintain maximal Achilles tendon loads and stretch the triceps 
and Achilles tendon as completely as with the knee extended. 
Regarding the use of shoes in the exercise, the observation that wearing shoes reduced 
Achilles tendon load could suggest that wearing shoes in the initial acute phase of 
rehabilitation may be more appropriate and aid in learning the heel-drop exercise, due 
to the increased stability and comfort provided by shoes. This initial learning phase 
would also help patients begin strengthening of the required hip and knee musculature 
to aid performing the flexed knee version of the task when barefoot, before 
incorporating weighted backpacks and speed into the rehabilitation protocol. 
10.6. Summary 
This chapter discussed the modelling approached used and results presented in this 
thesis along with the limitations of each study. The effects of heel wedges in the broader 
context of walking and the clinical implications of these differences were discussed. The 
eccentric heel-drop exercise was discussed, with focus on the efficacy of the flexed knee 
exercise and possible changes to the rehabilitation protocol were proposed. The 
following chapter concludes this thesis and presents future avenues of research in the 
field of musculoskeletal biomechanics arising from the work presented here.  
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Chapter 11: 
Conclusions and Future Work 
This chapter concludes the discussions regarding the use and limitations of using 
musculoskeletal models as an approach to investigate Achilles tendinopathy treatments 
and presents areas of future work that come out directly from this thesis, and possible 
directions for future research in the wider field of musculoskeletal biomechanics. 
11.1. Conclusions 
A musculoskeletal model of the foot and ankle was developed and used to characterise 
the biomechanics of the lower limb in the context of Achilles tendinopathies. 
This utilised a published muscle geometry dataset, but required developing a muscle 
wrapping algorithm to correct for the unrealistic musculo-tendon paths for the muscles 
of the foot and ankle in the original muscle dataset. Further model developments 
included incorporating an independent “toe” segment to determine MTP kinematics and 
loading. The introduction of a new foot segment necessitated the use of instrumented 
pressure insoles, able to determine the load distribution under the plantar surface of the 
foot. A combination of forceplate, motion capture and plantar pressure data was used to 
derive separate 3D ground reaction force and CoP data to use as model inputs for the 
model during data collection. Level, uphill and downhill walking data on a 10° incline was 
obtained with subjects barefoot, shod (wearing running shoes) and wedged (shod with 
12mm heel wedges). Additionally, heel-drop data was obtained for extended and flexed 
knee versions of the exercise with subjects barefoot and shod. 
To determine the influence that centre of pressure data and number of foot segments 
modelled had on the model outputs, a sensitivity analysis on these three conditions was 
performed using the same shod walking kinematic data with each CoP input. Changes in 
loading were observed at the ankle and knee, but critically, changes in muscle loading 
when Achilles tendon loading was high were not substantial. Differences in knee 
moments during the latter phases of stance were particularly noticeable when 
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comparing “Whole Insole” (1 segment foot) outputs to either “Forceplate” (1 segment 
foot) or “Split Insole” (2 segment foot) outputs. Therefore, while data source or number 
of foot segments may not substantially alter estimated ankle muscle forces, knee 
loading is significantly affected by this and as such the use of two-segment foot models 
is recommended. 
Investigating the effect of heel wedges on Achilles tendon forces found heel wedges 
unable to significantly reduce Achilles tendon loading across level, uphill and downhill 
walking conditions. Instead, secondary ankle plantarflexor muscles consistently showed 
substantial reductions in loading. Additionally, heel wedges were unable to reduce 
Achilles tendon strain or influence hindfoot kinematics; both considered to be risk 
factors for Achilles injury. However, it was acknowledged that the lack of change in 
hindfoot kinematics may be due to testing a healthy cohort, instead of a patient group, 
where excessive hindfoot eversion exists. These results not only add to the body of 
largely clinical evidence (pain, functional improvement etc.) that does not support heel 
wedges as a means to treat Achilles tendonitis, but may provide some explanation as to 
why this may be the case. This has relevance beyond this thesis where an orthosis is 
prescribed with the intention of targeting specific muscles. 
The eccentric heel-drop exercise used to treat Achilles tendinosis was characterised 
using a musculoskeletal approach for the first time and found no differences in an 
individual’s ability to perform the task barefoot or in shoes. However, the observed 
reduction in peak Achilles tendon force when performing the task in shoe may allude to 
a recommendation to perform the exercise in shoes before barefoot, particularly during 
the initial acute phase of injury. Knee flexion resulted in a significantly more hip-
dominant task, with several subjects commenting on a demonstrable increased difficulty 
in performing the knee flexed heel-drop. Arguably the most critical observations were 
the reduction in peak Achilles tendon force and reduced change in triceps muscle length 
when performing the task with a flexed knee, as the central premise of the exercise is to 
strengthen the tendon through maximal loading, often to levels involving slight pain. 
These observations suggest that, at least mechanically, the work done by the tendon 
during the flexed knee version of the exercise may be less than previously thought. 
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11.2. Future Work 
From the work presented in this thesis, several topics and areas for future research have 
been identified. 
Regarding Achilles tendinosis and tendonitis treatments this work approaches the 
problem from a highly computational perspective and as such is different from other 
studies in the area of Achilles tendon injuries in that respect. As with investigating any 
treatment, longer term follow-up and monitoring changes, both in terms of pain and 
biomechanics with a patient group is key to understand how patient improvement 
occurs. Future testing should also include the influence of heel wedges during running to 
determine whether biomechanical changes seen during walking are also present during 
running. This is particularly important, given the prevalence of Achilles tendonitis in both 
recreational and competitive runners. However, the observation that changes in loading 
varied across the triceps surae with heel wedges warrants further investigation. If 
patients with lesions located more medially or laterally responded positively to similar 
orthotic heel wedges, this would inform the decision whether or not to prescribe heel 
wedges to individual Achilles tendonitis patients in practise. As such more detailed 
reporting of the medio-lateral location of lesions is recommended for future studies 
assessing the impact of orthotics on Achilles tendonitis recovery. 
Regarding musculoskeletal models, the lack of information critical to accurately 
estimating muscle forces is apparent by the number of assumptions necessary to 
perform such an analysis. A lack of subject-specific muscle PCSAs, muscle geometry, 
bone geometry and muscle-specific tensions severely limit the validity of 
musculoskeletal models. In some respects, this is beginning to be addressed by studies 
creating both imaging-based (Handsfield, et al., 2014) and cadaveric-measured muscle 
datasets (Ward et al., 2009). However, information pertaining to muscle and bone 
geometry is currently lacking and if present would eliminate the need to make 
assumptions regarding scaling and muscle wrapping such as those performed here. 
While labour-intensive, development in both imaging technology and image processing 
techniques may reduce this to a semi- or even fully-automated process. Finally, muscle 
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material properties are lacking, with the assumption that all muscles have the same 
maximum muscle stress likely to be a gross simplification. Sensitivity analyses on this 
assumption, particularly when assessing patient or athletic populations who have more 
substantial differences in muscle mass, would result in more representative muscle 
models. Some musculoskeletal models have begun to incorporate such differences  
where certain muscle groups are known to have different stiffness, such as in the upper 
limb model of Holzbaur et al. (2005), where forearm and shoulder muscles are treated 
differently or the elbow model of Buchanan et al. (1995) where flexors and extensors 
are treated differently in this regard. 
Aside from muscle and bone properties and geometries, the entire premise of a 
minimisation routine representing physiological muscle activation patterns is still 
debated. While both the minimisation algorithm and objective function are largely 
decided on based on previous works, there has been limited investigation into the 
validity of using one approach over another for different tasks. The inter-connected 
nature of nerves throughout the musculoskeletal system allows for muscle synergies and 
co-contractions to occur and as such the incorporation of neural control into 
musculoskeletal models is also an area that needs further consideration. The recent 
study of Walter et al. (2014) investigated this, showing improvements in knee contact 
force predictions when neural inputs and instrumented prosthetic data were used to 
calibrate muscle models. Despite being considered by Walter et al. as a best case 
scenario, the implementation of co-contraction into musculoskeletal models without 
similar muscle models and instrumented data still warrants further investigation. 
Another useful investigation would be the comparison of “easy” and “demanding” task 
outputs with different minimisation approaches to external measures such as EMG to 
assess the validity of these approaches to model different tasks. A comparison of EMG 
and musculoskeletal model activation patterns for tasks of different difficulties, such as 
maximal height jumps, quiet standing, walking and sprinting would provide some idea 
regarding the performance or appropriateness of different load-sharing approaches.  
Taking this line of thought further, while measures of physical exertion such as the BORG 
scale exist (Borg, 1978), they are often used in tasks involving a cardiovascular element 
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such as running, swimming or cycling (Chen et al., 2002). However, given the relatively 
simple descriptors used to stratify levels of exertion, it could be applied to tasks which 
individuals find difficult to perform for reasons other than pain. Interestingly, this 
concept of perceived exertion is very similar to that of a “sense of perceived effort” 
discussed by Prilutsky et al. (2002) when comparing the appropriateness of different 
objective functions. Such a measure could aid in deciding on, or even designing, 
minimisation routines for individuals performing specific tasks. Given the lack of 
knowledge of intrinsic measures such as specific tensions of muscles, efforts to 
incorporate subjective measures such as perceived exertion may be a useful addition to 
currently-employed approaches, which have largely stagnated in development, despite 
there being no universally agreed minimisation routine.  
The accuracy of measured data is also an area that requires development. In particular, 
comparisons of in-shoe kinematics derived from surface markers to the true motion of 
the underlying skeletal structures of the foot using modalities such as bi-planar 
fluoroscopy as has been done previously to assess the validity of marker sets to track 
underlying bone motion (Shultz, et al., 2011). However, as imaging modalities become 
more flexible, it may be possible to directly measure, at least in tasks that do not require 
large measurement volumes, skeletal motion during different activities, thus allowing 
for more accurate foot models to be developed. However, caution should be taken here. 
As was shown in Chapter 1, the fact kinematic models outnumber their musculoskeletal 
counter-parts shows the development of more complicated musculoskeletal foot 
models needs to be balanced by improvements in other areas of modelling, as often it is 
the lack of bone and muscle geometry information that necessitates model 
simplification. 
Aside from kinematics, quantified loading under the foot is important to healthy and 
pathological cohorts. As this work has shown, CoP can influence changes throughout the 
musculoskeletal pipeline. Therefore, development of portable load-sensing technologies 
to quantify loading under the plantar surface both when wearing shoes and barefoot, is 
key to improving the validity of both model outputs and study-design as a whole. 
Interestingly, the first generations of these technologies already exist, with inertial 
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sensor-derived shoe forces (van den Noort, et al., 2012), tri-axial forces from polymer 
films (Razian et al., 2003) or embedded force transducers (Cong, et al., 2011). However, 
the driver to incorporate such technologies with motion analysis has only recently 
gained attention, due to the greater demands placed on musculoskeletal models. The 
creation of an unrestrictive measurement environment through reliably instrumented 
footwear would open up significant scope for in-situ studies from patient-monitoring at 
home to high performance sports. 
The application of musculoskeletal models beyond injury management to wider clinical 
scenarios is of significant appeal, as it allows for inference of quantities that cannot 
otherwise be quantified through in-vivo or in-vitro experiments. In particular, the areas 
of sports biomechanics and footwear design lend themselves to such research, as the 
incorporation of heel and shoe sole interventions to mitigate injury could also be used to 
aid rehabilitation protocols post injury or surgery to prevent muscle wastage. With the 
advent of subject-specific muscle geometries and joint motion, the ability to tailor 
models to individuals would allow for such applications in a predictive capacity, which 
would substantially change the way muscle and joint pathologies are assessed and 
treated in the future. 
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